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Heat stress (HS) is one of the most detrimental environmental stressors that affect poultry.
Many egg companies are located in tropical and subtropical areas where HS is a year round
problem. Global climate change is causing more hot days and frequent unexpected heat waves.
Animal health and welfare status are greatly compromised under high ambient temperatures. In
laying hens, HS negatively affects livability, egg production, shell quality, and the internal quality
of eggs. Induced molting, used to rejuvenate flocks, is a common managerial practice that extends
the productive life of egg laying flocks. Molting brings the flock into a second cycle of lay with
improved eggshell quality. Induced molting and elevated temperatures are well-defined stressors.
Hens subjected to an induced molting during hot weather may find it difficult to cope with both
stressors simultaneously.
Enriched colony cages, furnished with perches, a nest box, and scratch pads, are the
preferred housing system based on hen health and welfare, egg production parameters, and
environmental impact. The perches installed inside cages not only meet the hen’s behavioral desire
to roost but also improves skeletal integrity through increased activity. In addition, the key amenity
of perch in enriched cages could be modified as a cooling device to improve hen thermal comfort.
Our objective was determine if water cooled perches (CP) could ameliorate the detrimental effects
of HS on caged laying hens when subjected to daily cyclic heating episodes during egg laying and
molt.
The provision of CP during 2 daily cyclic heating episodes administered from 21 to 35 and
73 to 80 wk of age ameliorated the negative effects of HS on caged laying hens. Conductive heat
was transferred from the hen’s feet and her other body parts to the chilled water in the perch pipe
allowing for more effective heat dissipation. Hens with access to CP had improved egg production,
body weight, livability, egg weight, and eggshell quality traits without influencing the percentage

xvi
of dirty and cracked eggs, overall plumage condition, and foot health compared to the other 2
treatments of air perch (AP) or control with no perch (CTRL). The CP hens were also able to
maintain their body core temperature more effectively with increased metabolic rate as evidenced
by higher triiodothyronine concentrations and triiodothyronine to thyroxin ratio. The stress
response in the CP hens was also alleviated as indicated by a reduced heterophil to lymphocyte
ratio. Less circulating heat shock protein 70 in the CP hens indicated that denatured-associated
protein damage was less problematic under conditions of HS.
Hens were subjected to a 28 d molt when they were 85 to 88 wk of age, consuming a diet
of 71% wheat middling and 23% corn diet. During molt, they were also exposed to a reduced
photoperiod with daily cyclic heat. The provision of CP assisted hens with better adaptation to
the stresses of an induced molt during heat exposure, resulting in an optimum regression of the
reproductive system and improved post-molt egg production without impairing egg and shell
quality.
Providing hens with access to CP as compared to AP had little effect on musculoskeletal
health or immunological and neurophysiological traits 22 wk after the application of HS and the
completion of the molt. Differences among treatments were mainly due to the perch rather than
the cooling of the perch as the responses of CP and AP hens were similar. Perches, regardless of
whether they were cooled or not, caused greater muscle deposition and wing bone mineralization
as well as lower homovanillic acid/dopamine turnover. Intervening with CP access, however, did
prevent the heat- and molt-induced reduction in absolute liver and spleen weights as compared to
the AP or CTRL hens.
In conclusion, CP was an effective cooling method for caged laying hens. They ameliorated
the deleterious effects of HS by improving the efficacy of an induced molt under conditions of
daily cyclic heat with improved post-molt egg production.
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CHAPTER 1.

LITERATURE REVIEW

The global climate change has taken place at its fastest rate in the last 100 years. The
Earth temperature has risen about 1 oC since the late 19th century. The rapid global warming not
only has influenced on the environment, but also affect the livestock industries, especially the
ones located in tropical or subtropical areas, where heat could be a year round problem.

1.1
1.1.1

Heat stress
Definition of heat stress
Heat stress (HS, hyperthermia) is a health emergency, causing heat-related illness in an

organism when its body’s temperature regulation fails and core temperature rises to a critical
level. It has been recognized as one of the most detrimental environmental factors facing the
livestock industry globally. Estimated annual economic loss due to HS adds up to $2 billion
across the livestock productions of the United States (St-Pierre et al., 2003). In general, warmblooded animals (mammals and birds) suffer from HS when the ambient temperature is above
the upper range of their thermal neutral zone (TNZ). Thermal neutral zone is defined as “the
range of ambient temperatures without regulatory changes in metabolic heat production or
evaporative heat loss” (Kingma et al., 2012). However, the TNZ is relatively narrow for
homeothermic animals. Within the TNZ, animals can maintain core body temperature constantly
via the balance between the body heat production and loss without extra thermoregulatory efforts
(Etches et al., 2008; Kingma et al., 2012; Renaudeau et al., 2012). When ambient temperature
increases above the upper limit of the TNZ, animals re-establish the thermal balance by
decreasing heat production through reduced feed intake and metabolic activities and increased
heat loss through evaporation, conduction, convection, or radiation. However, animals will
develop HS if they are unable to dissipate enough heat. For example, chickens can tolerate and
adapt to ambient temperatures up to 25 oC (77 oF), however when the temperature climbs above
this level, such as greater than 37.8 oC (100 oF), it leads to more heat gain than heat loss,
resulting in an increase in core body temperature, and is referred to as hyperthermia (Etches et
al., 2008). Severe hyperthermia will lead to multi-organ failure, disturbed body fluids osmolality,
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protein structure, central nervous system (CNS) dysfunction, and potentially death due to heat
exhaustion (Damanhouri and Tayeb, 1992; Leon and Helwig, 2010).
The Temperature Humidity Index (THI), which incorporates the combined effects of
environmental temperature and relative humidity, has been used as an indicator to evaluate the
risk of HS, i.e., severity of heat load, in various animals including poultry (Gates et al., 1995;
Mader et al., 2006; Morton et al., 2007). The THI equation for egg laying hens was developed
by Zulovich and DeShazer (1990) and modified by Xin and Harmon (1998) and Hyline (2016):
THI = 0.6 tdb + 0.4 twb
In the equation, dry bulb temperature (tdb) normally refers to air temperature (oC), and
wet bulb temperature (twb) is the adiabatic saturation temperature (oC), which can be measured by
using a thermometer with the bulb wrapped in wet muslin or computed from tdb, relative
humidity and station pressure. The THI indicates: A bird is at a normal (within the comfort zone)
with the THI < 70, at alert within the range of 70-75, danger between 76-81, or emergency
situation when THI > 81 (Figure 1.1).
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Bird Comfort Zone (heat index< 70): No action needed; a good time to prepare for future
hot weather.
Alert (heat index 70--75): Begin taking heat stress reduction measures in the flock; increase
.___ __. ventilation rate; increase fan speed and use taggers (run taggers based on relative
humidity). Monitor bird behavior for signs of heat stress; ensure drinker and ventilation
systems are functioning properly.
Danger (heat index 76-81): Heat stress conditions exist; take immediate measures to reduce
- - - · heat stress in the flock. Increase ventilation rate in closed houses and use evaporative
cooling based on relative humidity; in open houses run stir fans and misters. Adjust nutrient
density of bird's diet to match any reduction in feed consumption. Move air over the birds at
a minimum velocity of 1.8-2.0 meters/second. Periodically flush water lines with cooler water.
Closely monitor flock behavior. Maximize nighttime cooling.
Emergency (heat index > 81): Extreme heat stress conditions exist; avoid handling birds
for transfer or vaccination. Do not feed during the hottest part of the day. Decrease light
intensity to reduce bird activity and body heat production.
-

,-----,1

,-----,1

Figure 1.1 Temperature and humidity index for commercial laying hens (Xin and Harmon, 1998;
Hyline, 2016).
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The THI equation had been successfully applied for describing the HS responses in both
broilers and layers (Gates et al., 1995), however the air velocity (V) is not taken into
consideration. Airflow is an important factor in alleviating HS, especially, in tunnel-ventilated
animal housing facilities. Broiler breeder performance, for example, is positively related to the
wind speed (Dozier et al., 2005). Tao and Xin (2003) refined the THI equation for market size
broilers by integrating the effect of V (m/s), and the new equation is:
THVI = (0.85 tdb + 0.15 twb) × V-0.058
With the updated equation, the negative effects of HS on bird health can be reestablished
as: ≤ 70, birds being normal; 70-75, being alert; 76-81, being danger; and ≥ 82, being
emergency condition (Tao and Xin, 2003).
1.1.2

Effect of heat stress on chicken's health
Birds dissipate heat to the environment through non-insulated areas, such as unfeathered

areas under wing, shank, feet, wattle, and comb (Whittow et al., 1964; Richards, 1971) and
evaporating water through respiration (Chepete and Xin, 2000). Sensible heat loss in chickens,
however, is limited due to the feather coverage and absence of sweat glands, so evaporative
cooling is the major way for heat dissipation in chickens, which accounts for 60% of a bird’s
total heat loss (Czarick and Fairchild, 2008). As temperature rises above the upper critical
boundary of the TNZ, chickens need to make further thermoregulatory adjustments including
physical, physiological, and behavioral adjustments to maintain thermal homeostasis (Richards,
1971; Lustick, 1983; Etches et al., 2008).
1.1.2.1 Behavioral responses to heat stress
Under HS conditions, behavioral alterations usually happen first with the least health cost
to avoid core body temperature elevation (Lustick, 1983). If there is enough space allowance, the
birds will choose to move away from each other to increase heat dissipation, decrease activities
to reduce body heat production, and consume less feed to reduce endogenous energy production
but drink more water to retain water capacity within the body (Etches et al., 2008; Mack et al.,
2013). Birds will also splash water on the unfeathered surfaces to promote the evaporative
cooling. Panting (continuously rapid shallow breathing) and wing spreading are two major
thermoregulatory behaviors observed in birds under heat-stressed conditions. Birds lift their
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wings away from the bodies to expose more of the unfeathered areas by which they maximize
the convective heat loss to the surrounding environment, whereas panting increases the
evaporative heat loss with rapid movement of air from the buccal cavity and upper trachea
(Richards, 1971; Etches et al., 2008). Compared to mammals, poultry species have a more
effective gas exchange system, including mesobrochi, parabronchi and air sacs, which facilitates
better heat loss (Calder and Schmidtn, 1968).
Birds mostly rely on panting to increase body heat dissipation under HS condition.
However, panting is not favorable if it leads to deep breathing. Panting increases heat loss, but
deep breathing or hyperventilation decreases blood carbon dioxide making the blood pH higher
than normal, which can lead to respiratory alkalosis (Yee and Rabinstein, 2010). Body blood
volume could change following thermal challenge (Harrison, 1985; Maw et al., 1998). Decreased
blood hematocrit has been found in chickens with excessive water evaporation through rapid
breathing become more water is circulated to the peripheral system for evaporative cooling
(Deyhim and Teeter, 1991; Yahav and Hurwitz, 1996). Hemodilution is an adaptive response of
animals under HS condition following increased water intake, which enables the animals to
maintain plasma fluid volume, while evaporative water loss coming from the extracellular
compartment (Darre and Harrison, 1987; Borges et al., 2004). Accompanied with the
dehydration and disturbance of acid-base balance, thermal stress affects the total osmotic balance
of essential ions across cell membranes, including potassium (K+), sodium (Na+), calcium (Ca2+)
and chloride (Cl-) (Krasnodebska-Depta et al., 2001; Gamba et al., 2015). Osmolality in the
extracellular fluid is critical in maintaining physiological homeostasis, thus changing the levels
of electrolytes could lead to dysfunctions of various organs, tissues and the brain (Lindeman,
2009; El-Sharkawy et al., 2015).
1.1.2.2 Physiological responses to heat stress
1.1.2.2.1 The hypothalamus
The hypothalamus functions as the thermoregulation center. The elevated ambient heat
will first increase the skin temperature of the animals via the dilation of the superficial veins, and
ultimately the body core temperature begins to rise when the thermoregulatory responses are not
sufficient to maintain homeothermy (Richards, 1971). The hypothalamus, as the major
thermoregulatory center in the brain, receives afferent signals through the somatosensory system
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to regulate body temperature around a “set-point” (Boulant, 2006). Under a HS condition, when
the blood temperature reaches the “set-point”, the warm-sensitive neurons of the hypothalamus
send excitatory signals for heat loss and inhibitory signals for heat production to various
thermoregulatory organs to increase heat dissipation and decrease heat production, respectively
(Gilbert and Blatteis, 1977; Nagashima et al., 2000; Nagashima, 2006). There are multiple
locations of the thermo-sensitive neurons, but the neurons within the preoptic-anterior
hypothalamic region (PO/AH) play the most critical role in regulating body temperature (Van
Tienhoven et al., 1979; Nagashima, 2006). Localized thermal stimulation at the PO/AH area
initiates thermoregulatory responses such as sweating, panting and cutaneous vasodilation in
different animal species (Hammouda, 1933; Boulant and Gonzales, 1977; Boulant, 2006).
Homeothermic organisms maintain thermal homeostasis through the hypothalamicpituitary-adrenal (HPA) and the hypothalamic-pituitary-thyroid (HPT) axes as well as the
autonomic nervous system (ANS) by adjusting energy (food) intake and expenditure through
metabolism. As two major thermoregulatory components, glucocoticoids and thyroid hormones
play critical roles in stabilizing metabolism and energy balance. In general, stress, including
environmental stress, activates the HPA axis by initially stimulating corticotrophin-releasinghormone (CRH) neurons located within the paraventricular nucleus (PVN) of the hypothalamus
(Swanson and Sawchenko, 1983; Chrousos and Gold, 1992), then releasing adrenocorticotropic
hormone (ACTH) from the cells of the anterior pituitary gland and glucocorticoids (cortisol in
most mammals and corticosterone (CORT) in birds and rodents) from the adrenal glands.
Thyrotropin releasing hormone (TRH) is released from the cells of the mid-caudal PVN which
controls the release of thyroid hormones via thyroid stimulating hormone (TSH) of the pituitary
gland. Dysregulation of body temperature has been found in hypothalamic damaged animals
with impaired thyroid functions and adrenocortical hormone secretion (van Tienhoven et al.,
1979).
Under HS, the sympathetic division of the ANS activates both the noradrenergic
vasoconstrictor system and the sympathetic active vasodilator system, leading to skin surface
vessel dilation and redistribution of warm blood to the body's surface. Local skin warming can
also maximize vessel dilation (Charkoudian, 2003). In addition, directly stimulating the
hypothalamic thermal regulatory regions (nucleus paraventricularis magnocellularis (PVM) and
preoptic area) initiate thermoregulatory behaviors to decrease body temperature in an animal
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(Van Tienhoven et al., 1979). Experimental lesion of the hypothalamus results in profound
reduction in thermoregulatory capability. For example, hypothalamic damaged chickens lose the
capability to maintain their core body temperature and fail to pant and lift wings in hot
environments (Lepkovsk et al., 1968; Van Tienhoven et al., 1979). Interestingly, the findings
from rodent studies indicate that the posterior hypothalamus rather than the PO or anterior
hypothalamus is the center for heat-related behavior regulation. Grooming, locomotion, and
relaxed extended postures are not severely affected in rats with lesions of the PO or anterior
hypothalamus (Nagashima et al., 2000; Romanovsky, 2007); but they lose thermoregulatory
related behaviors with a posterior hypothalamus lesion (Satinoff and Shan, 1971; Refinetti and
Carlisle, 1986). Rats with lateral posterior hypothalamus lesion are unable to display these heat
regulatory behaviors to avoid electrical shock, but with no disturbance on physiological
regulations (Nagashima et al., 2000; Romanovsky, 2007).
In poultry exposed to high temperature, blood flow is redistributed to peripheral organs
such as the wattle, comb, or feet, whereas inner organs like the liver, kidney, as well as the
digestive and reproductive systems experience a decrease in blood circulation (Nolan et al.,
1978; Wolfenson et al., 1981; Hillman et al., 1982). This autonomic process enables the birds to
dissipate greater heat to the surrounding air (Wolfenson et al., 1981). Especially, the
arteriovenous anastomoses (AVAs) in birds, which are non-capillary connections between the
arteries and veins in the terminal vascular bed, play an important role in whole-body
thermoregulation (Martineau and Larochelle, 1988). This system allows for a maximum
exchange rate between the warm and cool blood when birds are exposed to elevated ambient
temperature. In birds, the heat loss through the unfeathered areas could add up to 50% of total
metabolic heat produced (Steen and Steen, 1965). Birds’ feet, as the major uninsulated areas, are
the most important sites for heat exchange due to their high density of AVAs (Midtgard, 1989).
It has been estimated that up to 25% of the body heat in birds can be lost through their feet
(Hillman and Scott, 1989). When a chicken is exposed to a high ambient temperature
environment, the blood flow rate through the feet is increased more than twice that at a
thermoneutral condition (Hillman et al., 1982). The increased blood flow through birds’ feet
enable more heat exchange with the environment through convection and conduction.
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1.1.2.2.2 Hormonal system
The HPA axis, as one of the most pivotal regulating systems of the CNS, is usually
activated when hens are subjected to stressful high temperature (Lin et al., 2006b; FrancoJimenez and Beck, 2007; Wright et al., 2010; Lara and Rostagno, 2013). Heat stress upregulates
the HPA system, resulting in releasing of CRH and ACTH from the hypothalamus and pituitary,
respectively (Edens and Siegel, 1975; Edens, 1978; Ehlert et al., 2001). Decreased appetitive
behaviors and increased energy expenditure are associated with elevated CRH level, which have
been found in various animal models (Levine et al., 1986; Glowa et al., 1992; Richard, 1993).
Corticotrophin-release hormone stimulates the heat expenditure via brown adipose tissue (BAT)
thermogenesis in mammals and rodents (Glowa et al., 1992). In poultry, central administration of
CRH increases oxygen consumption and heat production in neonatal chicks and causes
hyperthermia (Tachibana et al., 2006; Mujihad and Furuse, 2008). On the other side, the ultimate
product from the HPA axis, glucocorticoids, stimulates feeding behavior, by which it inhibits the
anorectic effect of CRH (Strack et al., 1995). The opposite function of CRH and glucocorticoids
may also be related to neuropeptide Y (NPY)-induced feed intake, where CRH inhibits and
glucocorticoids upregulate NPY (Heinrichs et al., 1993). In addition, cortisol (CORT in birds)
binds to glucocorticoid receptor (GR) and mineralocorticoid receptor (MR), showing different
biological functions (Nieuwenhuizen and Rutters, 2008). Through GR, cortisol initiates negative
feedback on the functions of both the hypothalamus and pituitary, while through MR, cortisol
regulates basal activity of the HPA axis (Nieuwenhuizen and Rutters, 2008). The activation of
HPA axis leads to rapid but time-limited physiological and behavioral changes associated with
appetite, metabolism and energy balance (Adam and Epel, 2007). Immediate “flight or fight”
response under acute life-threatening condition requires more energy devoted to the brain and
muscle tissue. As a result, less energy is put into basic maintenance behaviors such as eating and
reproduction (Adam and Epel, 2007). These changes explained the traditional (regular) stress
responses, with reduced feed intake and reproductive performance. However, chronic social
stress in human and rodent studies reported that excessive cortisol leads to accumulation of
visceral fat and obesity (Marin et al., 1992; Pasquali and Vicennati, 2000). Usually, under a
normal, unstressed condition, metabolism balance is maintained through the effects between
insulin and glucocorticoids. Under a stress condition, over secretion of stress hormones
(glucocorticoids and catecholamines) disturbs this balance, leads to insulin and leptin resistance,
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and finally causes excessive food intake (Bjorntorp, 2001; Rosmond, 2003). Upregulation of
leptin and adiponectin were also observed under HS condition which affect feed intake
(Bernabucci et al., 2009; Morera et al., 2012; Belhadj Slimen et al., 2015). Leptin stimulates the
hypothalamic axis and reduces feed consumption (Rabe et al., 2008), and similarly, adiponectin
suppresses feeding behaviors through both peripheral and central regulations (Hoyda et al.,
2011).
Similar to other species of animals, CORT, as the major steroid hormone of the HPA axis
in poultry, is related with behavioral exhibition, immune function, and neuroendocrine regulation
(Carrasco and de Kar, 2003; Soto-Tinoco et al., 2016). Corticosterone is usually secreted and
peaks within a short period of time after the animals exposure to a stressor, and then gradually
decreases to a normal/baseline level after a certain period of time. Constantly elevated CORT is
not commonly seen under chronic or repeated stress conditions possibly due to the negative
feedback of CORT on the HPA axis (Romero, 2002, 2004; Smith and Vale, 2006; Angelier and
Wingfield, 2013). Under a HS condition, the CORT response is correlated with both duration
and severity of exposure. Acute and chronic HS could have different effects on CORT
concentrations. Alvarez and Johnson (1973) reported cortisol level peaked around 4 hr after
exposure of cattle to ambient temperature of 35o C, and then the cortisol level started to drop
continuously, and returned to the baseline around 48 hr after starting the exposure. Similar
results were reported in heat stressed broiler chicks exposed to ambient temperature of 43o C.
Plasma CORT level spiked within 30 min, and returned to the pre-exposed level after 2 hr
(Edens, 1978). However, conflicting results have also been reported, with consistent increased
levels of CORT in broilers 7 d post HS at 31o C, 35o C, or 36o C (Quinteiro et al., 2010; Sohail et
al., 2012).
Except for the cutaneous vasodilation function of the sympathetic nervous system, it also
regulates heat loss and thermogenesis through releasing of catecholamines in both the CNS and
peripheral nervous system (PNS) (Murakami and Sakata, 1980; Thomas and Palmiter, 1997;
Ishiwata, 2014; Nakagawa et al., 2016). Central administration of cathecholamine, including
both epinephrine (EP) and norepinephrine (NE) promotes catabolism of triglycerides and
glycogen, stimulates feed intake, and activates BAT thermogenesis (Nicholls and Locke, 1984;
Goldman et al., 1985; Daly et al., 1992). Both EP and NE lower body temperature in adult
chickens via mediation of α-adrenoceptor activation (Marley and Nistico, 1972; Chawla et al.,
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1974). In addition, early studies reported that the turnover rate of NE was increased but EP was
reduced in turkeys exposed to both acute and chronic HS (Elhalawani et al., 1973; Elhalawani
and Waibel, 1976). In rodent studies, repeated heat exposure increases levels of 3,4dihydroxyphenylacetic acid (DOPAC), homovanillic acid (HVA), dopamine (DA) turnover
ratios (HVA/DA and DOPAC/DA) and decreases DA levels in the brain (Kim et al., 2013;
Nakagawa et al., 2016). Similarly, DOPAC concentration increases in heat stressed Dekalb XL
hens compared to the controls (Felver-Gant et al., 2012). In addition, as an important
neurotransmitter related to both proactive and reactive functions in the CNS, serotonin (5-HT)
level and turnover rate change after exposure to high ambient temperatures. In rat studies, both
acute and chronic HS increases brain 5-HT activity (Sinha, 2008). Injection of 5-HT
intraventricularly in chickens decreases the panting rate and induces hyperthermia (Hillman et
al., 1980). Increased permeability of 5-HT through the brain-blood barrier has been identified in
61% of experimented animals under HS, as 5-HT is not permeable under normal condition
(Sharma and Dey, 1986).
The changes of the peripheral circulating neurotransmitters are similar to the changes of
plasma glucocorticoids in response to HS (Etches et al., 2008). Upon stress stimulation, EP is
released from the adrenal medulla into the bloodstream and NE is secreted from the sympathetic
nerve terminals to the lymphoid organs (Yang and Glaser, 2002; Verbrugghe et al., 2012). In
general, elevations of both EP and NE at the beginning of the stress exposure are rapid and
transient; eventually the catecholamine activities are no longer significant and gradually return to
pre-stress baseline level in a short period of time (Kvetnansky et al., 2009).
1.1.2.2.3 Thyroid function
Thyroid hormones, thyroxine (T4) and triiodothyronine (T3), are synthesized and
released by the thyroid gland under the regulations of TSH secreted by the thyrotropes within the
anterior pituitary gland (Magner, 1990). T4, as prohormone, is converted to its active form, T3,
within cells by deiodinases. T3 is 3 - 4 times more bio-active than T4 but with a shorter half-life.
In humans, the ratio of T3/T4 in the blood is from 1:12 to 1:14. Thyroid hormones are the major
hormones in maintaining body basal metabolic rate, energy metabolism and thermogenesis, as
evidenced by cold or heat intolerance with hypo- or hyperthyroidism. They are related to protein,
fat and carbohydrate as well as vitamin and mineral metabolism in birds (Kim, 2008). Thyroid
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hormones target both peripheral systems (Gupta and Charkrabarty, 1990; Joseph-Bravo et al.,
2015) and brain (Weirich et al., 1987; Silva, 2006; Warner and Mittag, 2012). Generally, T3
decreases when ambient temperature climbs (Etches, 2008), however, reported results were
inconsistent with regard to plasma levels of T4 including no change (Klandorf et al., 1981;
Sinurat et al., 1987) or an increase (Moss and Balnave, 1978). Reduced concentration of T3
lowers the body’s oxygen and energy consumption rate under HS in order to maintain
homeostasis (Tao et al., 2006; Yahav et al., 2009). The relationship between thyroid function and
heat tolerance has been further evidenced that administration of both T3 and T4 to broiler
chickens shorten the survival time under HS due to the excessive body heat produced (May,
1982; Bowen et al., 1984). Moreover, the thyroid hormones interact with the HPA system and
increase the body's sensitivity to catecholamines (such as EP) by modulating the β–adrenergic
receptor responses (Whybrow and Prange, 1981; Rosenbaum et al., 2000).
1.1.2.2.4 Immune function
In general, elevated ambient temperature suppresses immune response of domestic fowl
(Thaxton, 1978; Lara and Rostagno, 2013). The data from various animals including humans and
poultry have indicated that HS disturbs both humoral and cellular immunities thus increasing the
risk of infection, morbidity and mortality (DeRijk et al., 1997; Werner and Grose, 2003;
Verbrugghe et al., 2012). Activated neuroendocrine pathways in response to stress lead to stressassociated immune dysregulation (Padgett and Glaser, 2003; Webster Marketon and Glaser,
2008). Stress induced hormones including glucocorticoids and catecholamines have direct effect
on immune system cells through binding to their receptors, or by interfering with cytokine
production and gene expression (Glaser and Kiecolt-Glaser, 2005; Shini et al., 2010; Verbrugghe
et al., 2012). Stress hormones, for example, shift the balance of T helper 1 (Th1)/T helper 2
(Th2) immune cells, by which the protection of animals against pathogen by Th1 immune driven
response is weakened and become more susceptible to autoimmune diseases related to Th2
immune reactions (Aggarwal and Upadhyay, 2013). Reduced natural killer cell activity,
lymphocyte proliferation, and antibody production have been reported under various stress
conditions including HS (Webster et al., 2002; Kin and Sanders, 2006; Oberbeck, 2006). In
addition, glucocorticoids, as the final hormone released from the HPA axis, inhibit the
production of pro-inflammatory cytokines such as interleukin (IL)-1 (Elenkov and Chrousos,
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1999; Webster Marketon and Glaser, 2008) and upregulate anti-inflammatory cytokines such as
IL-10 (Webster et al., 2002). Furthermore, environmental stress, such as thermal stress, disturbs
the host intestinal microbiota and microstructure of the gastrointestinal tract. The brain-gut-axis
is a bidirectional axis mainly controlled by the enteric nervous system (Cryan and O’Mahony,
2011). Changes of the gut environment affect brain function, such that excessive produced
gastrointestinal tumor necrosis factor (TNF)–α causes dysregulations of neurotransmitters in the
brain, such as EP and NE (El Aidy et al., 2014). On the other side, neurotransmitters stimulate
the growth of some pathogenic bacteria, for example, Escherichia coli (Lyte and Ernst, 1992;
Kinney et al., 2000) and Salmonella (Bearson et al, 2008; Methner et al., 2008). In chicken
models, stress-induced overreaction of both circulating and local catecholamines increase the
colonization of Salmonella in the gut (Methner et al., 2008; Borsoi et al., 2015).
In poultry, heterophil (same as neutrophil in mammals) to lymphocyte ratio (H/L ratio) is
a reliable indicator to assess various stress conditions including thermal stress (Gross and Siegel,
1983; Maxwell, 1993). Stress causes a decrease in the number of lymphocytes and an increase in
the number of heterophils, resulting in an elevated H/L ratio (Edens and Siegel, 1975; Siegel,
1995). Moreover, immune-suppression due to chronic heat exposure makes animals more
vulnerable to bacterial and viral infections (Glaser and Kiecolt-Glaser, 2005). Decreased
numbers of both CD4+ and CD8+ cells have been reported in the circulating blood of HS
exposed male chickens (Trout and Mashaly, 1994). Heat-stressed chickens are also more
susceptible to pathogenic Salmonella infections than the controls housed in thermoneutral zone
(Bailey, 1988; Quinteiro et al., 2012). In addition, reduced weight and/or size of immune organs
have been reported in birds subjected to HS including the liver, thymus, bursa of Fabricius and
spleen (Bartlett and Smith, 2003; Aengwanich, 2008; Felver-Gant et al., 2012).
1.1.2.2.5 Cellular responses to heat stress
Oxidative stress often takes place under various stimulations including HS, which results
from increased production of free radicals and reactive oxygen species (ROS) and related
alteration of antioxidative defense systems (Betteridge, 2000; Droge, 2002; Ganaie et al., 2013).
Excessive amount of free radicals lead to lipid peroxidation resulting in increased concentrations
of both thiobarbituric acid-reactive species (TBARS) and malondialdehyde (MDA), and
ultimately causing tissue damage (Betteridge, 2000). The levels of both TBARS and MDA are
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increased in both plasma and liver tissue of heat stressed broilers compared to controls (Altan et
al., 2003; Mahmoud and Edens, 2003; Lin et al., 2006a).
Heat shock proteins (HSPs), as another classic heat-induced molecule, have been
analyzed under various stress conditions including HS. Heat shock proteins, as chaperone
molecules, facilitate protein stabilizing or bind to heat sensitive proteins to protect them from
unfolding or denaturing (Laszlo, 1988; Kregel, 2002; Sun et al., 2017). The proteins are
differentiated based on their molecular weight. HSP 70 and HSP 90, for example, refer to the
proteins sizes of 70,000 and 90,000 Da, respectively. Both HSP 70 and HSP 90 are highly related
to thermotolerance (Yahav et al., 1997b; Belhadj Slimen et al., 2015). In livestock species, HS
increases either or both levels of HSP 70 and HSP 90 in laying hens (Felver-Gant et al., 2012),
broilers (Yu et al., 2008), cattle (Gaughan et al., 2013), and pigs (Pearce et al., 2013).
1.1.2.3 Production responses to heat stress
Charles (2002) reviewed performance and production parameters of both broilers and
laying hens under different temperature conditions and suggested that the optimum temperatures
for broilers and laying hens are 18-22 oC and 19-22 oC, respectively. Exceeding optimum
temperature outside of the bird’s comfort zone can have profound effects on the productivity of
laying hens and broiler flocks. High ambient temperature negatively influences feed intake and
feed efficiency (Salabi et al., 2011; Yoshida et al., 2011), body weight (BW) and weight gain
(Scott and Balnave, 1988), egg production (Mashaly et al., 2004), egg quality (Ajakaiye et al.,
2011; Kilic and Simsek, 2013) and shell quality (Sahin et al., 2002b) in chickens. Moreover,
reduced meat yields have been determined in meat type turkeys (Jankowski et al., 2015) and
broilers (Ain Baziz et al., 1996; Lu et al., 2007) when housed in an elevated ambient temperature
environment compared to controls. Animals usually reduce their feed intake in response to
elevated ambient temperature to decrease the energy intake for reducing body heat (Marsden and
Morris, 1987). The National Research Council concluded that there is a reduction of about 1.5 %
in feed intake per 1 oC increase, over the range of 5-35 oC, with a baseline of 20-21 oC (National
Research Council, 1981). As a consequence of HS, chickens are unable to get the optimal
nutrients from the diet, including proteins, amino acids, and minerals, which may directly
contribute to the decreased growing and production performance (Mashaly et al., 2004).
Especially, Ca2+ intake and absorption capacity along the intestinal tract are reduced under
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chronic HS by reduced digestive enzymes and calcium-binding proteins (Hansen et al., 2004;
Burkholder et al., 2008; Ebeid et al., 2012), which further limits the availability of circulating
calcium in the blood, and causes poor shell quality and skeletal health (Bollengier-Lee et al.,
1998).
The reduced egg production performance could also be partly explained by reduced
ovulatory hormones from the hypothalamic-pituitary-gonadal (HPG) axis in response to HS. The
initial step of the regulatory mechanism-associated with the HS-diminished production
performance is at the level of the hypothalamus and pituitary (El Halawani et al., 1984;
Rozenboim et al., 2007). HS-induced increase of prolactin (PRL) level suppresses the secretions
of gonadotropin-releasing hormone (GnRH) in the hypothalamus and/or gonadotropin hormones
(luteinizing hormone, LH; follicular stimulating hormone, FSH) in the anterior portion of the
pituitary gland (Rozenboim et al., 2004; 2007). In laying hens, reduced reproductive hormones
negatively influence ovary function and production performance, by decreasing average egg
production approximatively 20% and lowering egg weight (Rozenboim et al., 2007). Decreased
levels of estrogens under HS also increase bone resorption due to increased osteoclast (OC) cell
formation and activities along with reduced OC apoptosis (Riggs, 2000). This progress facilitates
bone calcium loss, which is one of the reasons for poor shell quality and also causes the hens to
be more susceptible to osteoporosis towards the end of the laying cycle (Beck and Hansen, 2004;
Whitehead, 2004).
1.1.2.4 Heat acclimatization and adaption
Humans have a remarkable ability to adapt to HS (Periard et al., 2015). Unlike humans,
chickens lack sweat glands and are covered with feathers, but they are still able to acclimate to
high environmental temperature with certain limitations by different methods. Acclimation can
be achieved by regulation of the thermal conditioning during embryonic development and or
neonatal period (Yahav and Hurwitz, 1996). Yalcin et al. (2009) found increasing the incubation
temperature to 38.5 oC (normal 37.5 oC) improved the thermotolerance of the adult broiler
chickens. In addition, exposing young chicks to high ambient temperature can help them tolerate
HS during adulthood. The basic mechanism behind this is due to resetting of the “thermal
regulating set point” in the the hypothalamus before the maturity of the thermoregulation center,
by which the potential of thermotolerance could be achieved by exposing chicks and embryo to a
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relative high temperature (Yahav et al., 1997a; Wang and Edens, 1998; De Basilio and Picard,
2002). Studies have reported animals exposed to high thermal conditioning during their early age
results in reduced levels of hematocrit and circulating T3, and improved HSP production, all of
these adjustments contribute to improved heat tolerance (Liew et al., 2003). Both broiler (May et
al., 1987) and laying hen (Bohren et al., 1982; Sykes and Fataftah, 1986) experiments indicate
that rearing pullets in relatively high ambient temperature environment reduce mortality under
hot temperature during laying phase. In addition, the acclimation can be achieved by exposure of
animals to intermittent heat. Abdelqader and Al-Fataftah (2014) reported that broiler chickens
acclimated to intermittent HS in their earlier life were able to survive the extreme heat exposure
later with lower rectal temperature and 0% mortality compare to the controls.
1.1.3

Strategies to ameliorate heat stress
Currently, the majority of the poultry production takes place in the tropical or sub-

tropical areas where HS could be a year round problem (Gowe and Fairfull, 2008). Broiler
breeders have been selected for rapid growth with high meat yield, through increased breast meat
production and improved feed efficiency. However the selection makes the broilers more
susceptible to respiratory and cardiovascular function failure especially under HS (Simpson and
Goodwin, 1976; Havenstein et al., 2003). In the egg industry, modern layer strains have been
selected for high egg production and great feed efficiency. Among the current strains, although
White Leghorn hens have a better heat tolerance than other heavier layer strains such as Rhode
Island Reds and Barred Plymouth Rock (Fox, 1951), they are still more vulnerable to the
negative effect of HS compared to their ancestor red jungle fowl (Gallus gallus) (Soleimani et
al., 2011). Given the global warming fact, studies to alleviating negative impact of HS in poultry
production has become more critical, especially in the tropical and subtropical regions where HS
can be the most common issue all year round or, at least, during summer months.
1.1.3.1 Genetic selection
Sensible heat loss is greatly compromised due to the feather coverage in poultry. Genetic
selection for less feather coverage strains has been used in both broilers and layers. The naked
neck (Na) gene reduces plumage by about 30% in heterozygotes (Na/na) and 40% in
homozygotes (Na/Na) chickens, which enables more skin exposure for heat loss (Eberhart and
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Washburn, 1993). The studies conducted with the selected strains have reported improved
performance and heat tolerance without notable negative effects on birds (Gowe and Fairfull,
2008), however, lower hatchability has been reported in birds with homozygous status (Merat,
1986; Cahaner et al., 1993). Another gene, the frizzle (F) gene inherited from a breed of chickens
with curled plumage causes the feather to curve outward away from the body, by which it
reduces the insulation capability of feathers. F gene has been successfully integrated in some
chicken breeds (Lin et al., 2006b; Gowe and Fairfull, 2008). Brown egg layer with introduced F
gene have high egg production, egg mass and livability under hot climate condition than the
regular strain (Adomako et al, 1988). Although there are several other genes in commercial-type
birds, such as dwarf (dw) and slow feathering (K) gene, have advantages for the birds to
cooperate with HS, the beneficial effects of these genes need to be balanced with possible
negative effects on economic issues under hot environment challenge, such as low hatchability
(Bordas and Merat, 1984; Merat, 1986). In addition, low heritability of these heat tolerant genes
in chickens compared with other genes, such as BW and feed efficiency related genes, need to be
further investigated. Therefore, currently the selected heat tolerance strains are not commercially
available (Lin et al., 2006b).
1.1.3.2 Nutritional strategies
Nutrient deficiency is common in poultry under harsh temperature conditions due to
reduced appetite and diminished intestinal absorption. Feeding chickens with a high density
nutrient diet has become a useful strategy as it compensates for decreased feed consumption of
heat stressed chickens. Replacing part of the carbohydrate and/or protein sources with fat content
reduces heat production, stimulates feed intake, increases gastrointestinal nutrient unitization,
and maintains energy requirements (Mateos et al., 1982; Daghir, 2008). Lin et al. (2006b)
reported there was a decreased protein synthesis and increased breakdown under HS. As a result,
a protein deficiency cannot be fulfilled by solely increasing protein in the diet as excessive
protein intake will increase the hen’s liver burden to convert the excess nitrogen to uric acid
(Ghasemi et al., 2014). As a result, feeding chickens a low crude protein supplemented with
essential amino acids can better ameliorate harmful effect of HS and improve growth
performance (Daghir, 2008). Dietary micronutrients supplementations, such as vitamins and
electrolytes, are also beneficial for chickens to adapt to elevated ambient temperature (Lin et al.,
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2006b; Daghir, 2008). For example, among the various vitamin supplements, vitamin C plays an
important role in alleviating HS in poultry by improving heat tolerance, egg production, feed
intake, feed efficiency, and reducing mortality (Ahmad et al., 1967; Sahin et al., 2002a; 2003).
Besides, manipulating calcium and phosphorus ratio in HS diet needs further consideration, since
excessive levels of phosphorus could interfere with the intestinal calcium absorption (Boorman
and Gunaratne, 2001). Under acute HS, there is a positive relationship between plasma
phosphorus and survival time, and a negative correlation between plasma calcium and survival
time in chicks, more specifically, relatively high plasma phosphorus or low calcium increases the
survival time of chicks (Garlich and Mccormick, 1981). Maintaining a balance between calcium
and phosphorus is of great importance in feeding chickens in extreme climate conditions. As
these results indicate, nutritional manipulations have been used as a management strategy for
reducing the deleterious effects of HS by stimulating appetite and improving performance and
welfare status in chickens.
1.1.3.3 Environmental modifications
To minimize the negative effect of HS, it is always beneficial to insulate the poultry
house. A proper design of roof and insulated ceiling help with reducing both direct and indirect
sunlight as a heat source entering the house, which leads to less temperature change in hot
summer days. Air exchange is critical during hot weather to maintain a house (barn) temperature
to near ambient condition. For the commercial poultry industry, one of the most common ways
to minimize HS is to provide adequate ventilation to ensure maximum air flow for removing heat
and increasing convection heat loss (Chepete and Xin, 2000). Powered tunnel ventilation is a
widely used ventilation systems in commercial chicken farms. Studies have proven that chickens
raised in tunnel ventilation systems have higher finished BW and better feed efficiency than
those housed in naturally ventilated barns (Lacy and Czarick, 1992). However, high ventilation
rates can increase particulate matter concentration inside the poultry house and also elevate the
building energy cost (Xin et al., 1996). In addition, unevenly distributed cold air and nonuniform air velocity are still unsolved issues in tunnel ventilated houses, especially in wide and
short barns (Luck et al., 2014; Purswell and Branton, 2015). Regular maintenance of tunnel
ventilation system is of high importance to ensure optimal air flow capacity on hot days.
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Evaporative cooling methods, such as fogging nozzles, are used by some egg companies.
Fogging and sprinkling systems primarily act on wetting the surface of the birds to increase the
evaporative heat loss. Evaporative cooling pad systems are another alternative cooling method
that are widely used in broiler production. Evaporative cooling pads typically consist of
cellulosic fluted panels placed in front of air inlets. During hot weather, water saturates the pad,
and cool the hot air when it goes into the house. However, at the same time the installation of
water pads decrease the air exchange rate and increase house humidity. Due to the installation
requirement, cost and maintenance issues, the pad system is not always used in the poultry
industry (Czarick and Fairchild, 2008). It is important to realize that evaporative cooling
decreases the house temperature but at the same time increases moisture content regardless of the
usage of the evaporative cooling methods. Increased humidity inhibits cooling from the birds
surface or respiratory ability, and the high humidity will also cause wet manure and litter,
leading to bacteria growth, excessive ammonia production (Chepete and Xin, 2000; Dawkins et
al., 2004), fly populations due to wet manure, and hen discomfort if they become wet. Providing
chilled drinking water to the laying hens tended to alleviate the negative effect of HS on feed
consumption, but the results varied among individuals (Xin et al., 2002). It is critical to develop a
novel method to prevent HS effects on chicken health and welfare.
1.1.4

Heat stress and animal welfare in laying hens
Genetic selection for high egg production and feed efficiency have made modern laying

hen breeds more susceptible to HS. High environment temperature, especially encountered
during an acute heat wave, has detrimental effects on performance and welfare of laying hens in
all currently used housing systems. With global warming and climate change, HS will continue
to be one of the most critical environmental challenges facing the commercial poultry industries.
The deleterious effects on performance and welfare status in laying hens are well known
including reduced production, retarded growth performance, depressed immune function, and
disturbed gastrointestinal integrity, which causes hens to become more prone to diseases leading
to high mortality (Etches et al., 2008; Lara and Rostagno, 2013). Different strategies, including
breeding HS resistant strains, feeding manipulated diets, and housing improvements have been
used to facilitate resistance to heat (Lin et al., 2006b). But, hen mortality is still high during the
summer seasons. In 2011, 50,000 chickens died at a farm after the power went off for less than
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an hour when the ambient temperature was over 37 oC (Hegeman, 2011). In the Midwest, more
than 300,000 laying hens died during the intense summer heat in a commercial farm in 2012 due
to lack of efficient cooling device (WBIW news, 2013). Further research is needed to investigate
alternative methods to keep hens cool during HS.

1.2
1.2.1

Perch usage in laying hens
Perching as a natural behavior
Perching, as an important natural behavior of birds, is highly motivated, especially at

nighttime (Olsson and Keeling, 2000, 2002). For laying hens housed in enriched cages, up to
100% of hens are found perching at night when enough perch space is provided. The percentage
of perching is variable during day time since hens tend to allocate more time for other
maintenance behaviors, such as eating and drinking (Hester, 2014). Chickens show signs of
frustration when access to perches is blocked (Olsson and Keeling, 2000). Frustration to perform
natural behaviors, such as perching, may contribute to a reduced welfare status of the animals
(Fraser et al., 1997).
1.2.2

Advantages and disadvantage of perch usage
The selection for high production rate of the modern laying hens makes them more prone

to cage layer fatigue and osteoporosis, which is a great welfare concern in the egg industry
(Webster, 2004). Continuously releasing calcium from medullary bone for eggshell formation
together with the lack of exercise in caged hens contribute to bone brittleness and easy breakage
(Newman and Leeson, 1997; Whitehead and Fleming, 2000; Whitehead, 2004; Fleming et al.,
2006). Provision of perches have beneficial effects on bone strength and mineralization in
chickens kept in both cage and non-cage systems (Barnett et al., 1997; Hester, 2014). Perch
installation in cages provides chickens an opportunity to increase activities by stepping on and
off the perches. Increased bone mineralization have been observed in legs, wings and keel bones
of caged hens with access to perches (Hester et al., 2013). In addition, load bearing exercise from
using perches also simulates muscle growth (Hester et al., 2013; Casey-Trott et al., 2017) and
reduces abdominal fat deposition in laying hens (Jiang et al., 2014).
However, hens in housing systems providing perches have higher prevalence of bone
fractures and deviations, especially keel bone damages, due to unsuccessful landing and
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inappropriate use of perches or bumping on the perches (Lay et al., 2011; Stratmann et al., 2015).
An average of 36% of the laying hen flocks have bone fractures in commercial furnished caged
flocks (Wilkins et al., 2011). When hens are resting on the perches, there is an increasing loading
pressure on keel bones, thus, more keel bone deformities are found in hens reared in perchery
cages compared to the ones kept in conventional cages (Fleming et al., 2006; Hester, 2014). In
addition, more cracked and dirty eggs are found in furnished cages with perches as the hens
could be laying eggs while standing on the perches.
1.2.3

Perch as a cooling device in poultry housing
In nature, birds seek a cooler microclimate to relieve body heat under hot environments.

For example, waterfowl increase the period of time spent in water during hot summer days
(Kilgore and Schmidtnielsen, 1975). In alternative houses for laying hens, perches could be used
as a cooling system because of the hen high preference for perching (Tactacan et al., 2009;
Enneking et al., 2012; Hester et al., 2013). In a hot environment, chickens that perched increased
vertical space availability and distance from cage mates, thus reducing heat accumulation and
increasing air flow between individuals (Pettit-Riley and Estevez, 2001; Zhao et al., 2013).
Adding cooling features to perches provide chickens with a local cooler microclimate, which
could help chickens combat HS. Arrangement of water cooled perches promote the conductive
heat loss through the chicken's feet, which account for up to 25% of the total heat loss. And
given the fact that thermal conductivity of water is 24 times greater than the air, water serves as a
good candidate as a heat transfer media. Studies conducted in broiler chickens have shown that
water perches improve bird thermal comfort during the summer hot months (Muiruri and
Harrison, 1991; Reilly et al., 1991; Estevez et al., 2002; Okelo et al., 2003). Broiler breeder hens
(Muiruri and Harrison, 1991) and broiler chickens (Reilly et al., 1991; Zhao et al., 2012) have a
preference toward roosting on cooled perches over regular perches in a hot environment. The
cooled roosting enrichment helped to relieve HS and to improve thermal comfort and
performance such as increased BW gain and improved feed efficiency (Reilly et al., 1991; Zhao
et al., 2013). In addition, Zhao et al. (2013) reported better foot condition and plumage condition
in perch accessed broilers subjected to chronic HS. The results of these studies suggest that
cooled perches provide thermoregulatory advantage which could be used as an alternative
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cooling device for chickens to alleviate deleterious effect of high temperature and improve
animal welfare status. However, this hypothesis has not been tested in laying hens.

1.3

Molting in laying hens
Molting is a natural process in birds, which is important for birds’ survivability. In the

wild, light and temperature are two major cues for the free-living birds to molt. Molting usually
occurs in winter/nonbreeding season or is associated with the end of breeding, starting the
regression of the reproductive system. Normally, to avoid compromising basic living needs,
molting can take a long time for the natural living birds to complete (Dawson, 2015). In the
commercial egg industry, however, molting is induced and takes about two months to complete
the whole process. Approximately 75% of hens are molted at 65-75 week of age to rejuvenate
the reproductive system, improve skeletal health, synchronize egg production and improve egg
quality (Webster, 2003; Dawson, 2015). Followed molting, hens usually have a relatively high
rate of lay with comparable egg quality for another year, which reduces the economic costs of
hatching and rearing chicks, replacing pullets and slaughtering spent hens. In an egg company,
flock replacement is one of the top expenses. Many egg producers decide to molt the flock
toward the end of the first production cycle with consideration of several factors, such as pullet
availability, feed price, and current and upcoming market egg prices. In 2003, over 70% of the
commercial flocks nationwide and almost all flocks in California were molted at least once in
their lifetime (Holt, 2003). Induced molting is less common currently compared to a couple of
decades ago where only around 20% of the flock were completely molted in the United States
(National Agricultural Statistics Service, 2017). However, in response to the outbreak of avian
influenza in 2015, a rebound of molting has been adopted in the egg industry national wide. It
has been estimated that 80% of the uninfected flocks were molted in 2015 because of the
shortage of replacement pullets (Flock and Anderson, 2016).
1.3.1

Feed withdrawal molting
Feed withdrawal induced molt (fasting molt) was adopted based on most avian species

vulnerability to anorexia during the period of short-daytime seasons. Conventional feed
withdraw molting programs include reduced photoperiod accompanied by removal of feed or
both feed and water for a short period of time, by which it allows the regression of the
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reproductive tract (Patwardhan and King, 2011). Two popular feed withdrawal molting methods
successfully rejuvenate flocks: the California molting program and the North Carolina molting
program (Patwardhan and King, 2011). The California molt includes complete removal of feed
for 7 to 14 d combined with a photoperiod reduction, but without restriction on water. After the
feed removal period, the hens are returned to a resting period with a low nutrien diet for 0-21 d
followed by normal feeding and lighting afterwards. Minerals and vitamins are provided during
the resting period. The North Carolina molt program incorporates a 7 d pre-molt period with a 24
hr photoperiod. The hens have a more significant lighting reduction combined with feed removal
for 10 to 14 d, then return to a regular diet as soon as they reach the target weight reduction
(approximately 25-30%), and the lighting is stepped up to 15.5 hrs at d 28. However, fasting
molt has been widely criticized for compromising the welfare condition of the laying hens.
Based on the five freedoms of animal welfare, animals should not suffer from hunger and thirst
(Webster, 2007). Feed removal leads to a spike in mortality and increases frustration by
displaying aggressive and non-nutritive pecking behaviors (Hester, 2005). In addition, hens
subjected to feed withdrawal molt have higher prevalence for bone fracture and damage due to
calcium deficiency compared to hens with alternative molting method (Mazzuco and Hester,
2005; Kim et al., 2007). Hens molted with feed deprivation also have increased susceptibility to
salmonella enteritidis infection due to compromised immunity and increased stress level (Alodan
and Mashaly, 1999; Hester, 2005). Feed withdraw molting has been discouraged since 2006 in
the United States (United Egg Producers, 2017).
1.3.2

Non-feed withdrawal molting
In 2002, the United Egg Producers (UEP) commissioned five universities to develop

alternatives to the feed withdrawal molting practice. Several alternative methods were examined.
The method with low nutrient diet, such as wheat middling, soybean hull and alfalfa, was
successfully developed and adopted by the commercial egg industry. For example, the induced
molting with high-wheat middlings diet (71% wheat middlings and 23% corn) has been proven
to be one of the most effective alternative molting methods for the laying hens compared with
10-d feed withdrawal program (Biggs et al., 2003, 2004; Mazzuco and Hester, 2005). This
molting program provides laying hens with free access to a wheat middling diet and water for 27
d and a reduced photoperiod of 8 L:16 D; and at d 28, hens are returned to regular layer ration
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and 16 L: 8D light program. Studies using this molting program showed no difference in
production parameters, egg quality traits and social behaviors (Biggs et al., 2003, 2004), an
increase in skeletal integrity (Mazzuco and Hester, 2005), and a decrease in salmonella shedding
and intestinal inflammation (Holt et al., 1994). Similar promising outcomes are also shown in
other low nutrient density diets compared to feed withdrawal molt such as corn: soybean hull
(47% : 47%) and alfalfa diets (Patwardhan and King, 2011). Providing laying hens with altered
dietary mineral content or supplementation, including zinc, copper or thyroxin have been also
studied as developing alternative molting programs. For example, a thyroxin supplemented diet
could also induce a molt in laying hens with similar efficacy in post-molt performance (Bass et
al., 2007). However, the use of additives or nutritional imbalance methods are less acceptable by
the egg industry because of potential economic, welfare, and feed safety concerns (Biggs et al.,
2004). In general, compared to conventional fasting molt, non-fasting molt methods have
comparable post-molt performance, higher livability, improved skeletal health and lower
susceptibility to salmonella infection, which lead to a better welfare condition of laying hens.
Based on these outcomes, in 2006, the UEP announced: “Only non-feed withdawal molt methods
will be permitted” for those egg producers participating in their certified welfare program.
1.3.3

Physiological and behavioral changes during an induced molt
Induced molt generally includes feather replacement, body weight loss, and egg

production cessation due to the reproductive system regression (Webster, 2003). Feed
withdrawal molting program has been discouraged in the United States since 2006 due to
multiple welfare concerns including hunger, frustration, aggression and possible pain responses
such as osteoporosis related bone fracture and stress induced inflammation (Webster, 2003).
Once feed withdrawal is initiated, there is a rapid decrease in body mass and basal metabolic rate
(Webster, 2003). Generally, the optimal weight loss after an induced molt is 25-30% of the
starting BW with fasting methods and relatively lower in non-feed withdrawal methods,
indicating a complete regression of the reproduction system and adequate adipose tissue (Berry,
2003). Nutritional and hunger related stress disturbs physiological and behavioral homeostasis.
In long-time fasting birds, reduction of T3 and T4 hormones indicate reduced metabolic rate
combined with reduced regulations in energy intake and expenditure. In addition, induced
starvation is different from natural fasting. In feed withdrawal molted chickens, circulating T4
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level is increased after an initial decrease, which is related to feather loss (Hoshino et al., 1988;
Mert and Yildirim, 2016), and T3 is usually unchanged (Brake and Thaxton, 1979). There is an
elevation of stress hormones, such as CORT, which suppresses the immune system making hens
more susceptible to infectious diseases (Khansari et al., 1990; Glaser and Kiecolt-Glaser, 2005).
Stress suppresses both humoral and cell-mediated immune responses and enhance susceptibility
to infectious diseases such as Salmonella enteritidis (Berry, 2003; Webster, 2003). Decreasing
numbers of peripheral lymphocytes, CD4+ T cell, helper T-cell, and alterations of cytokines have
been reported in molting hens (Holt, 1992; Alodan and Mashaly, 1999).
Non-feed withdrawal molting is less deleterious to laying hens. As compared to the
fasting molt, alternative molting methods have an attenuated stress response and less immunity
compromise. For example, intermediate H/L ratio was found in alfalfa molted hens compared to
full-fed controls and feed withdrawal hens (Medvedev et al., 2002). Changing molting practices
to non-feed withdrawal methods also alleviates the Salmonella enteritidis infection which is a
huge concern in fasting molted hens (Holt, 2003). In addition, improved skeletal health has been
reported with alternative molting methods (Mazzuno and Hester, 2005). However, hens with free
access to an alternative molting diet can still experience hunger as indicated by increased feeding
motivations (Koch et al., 2007) which is perhaps related to “metabolic hunger” due to a
continuous demand for energy even though accessibity to feed provide satiety of the
gastrointestinal tract (Tolkamp and D’Eath, 2016). Similar as the low density diets used in
molting, it has been widely studied in broiler breeder chickens subjected to a nutrient restricted
feeding program. Results from these studies reported increased stress level and evidence of
suffering from hunger and frustration due to consumption of a low nutrient diet (Savory and
Maros, 1993; Zuidhof et al., 1995; de Jong et al., 2005).
Behavior is an effective indicator of stress. Aggressive behaviors and an increase in
nonnutritive pecking have been used as stress-related behavioral indicators, which are observed
in molted hens with feed deprivation mainly due to frustration (Webster, 2003). Blocked access
to feed could trigger the expression of aggressive behaviors of the dominant hens, and preening
and escape behaviors were more frequently performed in hungry hens (Duncan and Wood-Gush,
1972; Webster, 2003). Head shaking, for example, regarded as a response behavior of social
stress, is reported in laying hens undergoing feed withdrawal molting (Dunnington and Siegel,
1986; Webster, 2000). Fasting molted hens are less fearful as indicated by more vigorous pecks
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towards novel objects (Webster, 2000) and less duration in tonic immobility test (Campo and
Alvarez, 1991). Little systematic behavioral work has been done on hens molted with alternative
molting methods. Dunkley et al. (2008) reported similar nonnutritive pecking in hens fed the
alfalfa diet compared with the fasting hens at the beginning of the molt, then it was reduced in
frequency toward the end of the molt in the alfalfa fed group while continuously increasing in the
fasting hens. Biggs et al., (2004) did not report any difference in the social behaviors including
aggression, feather pecking or pecking a neighbor between 94% wheat middlings diet compared
with fasting molt.
Many commercial layer facilities are located in the tropical and subtropical areas. If
molting is induced at these places under HS conditions, combined stressful events could be even
more detrimental to laying hens. For example, the endocrine regulation of molting and HS could
oppose each other, resulting in a more complicated response as hens attempt to return to
homeostasis. Alternative low nutrient molting diets and decreased photoperiod result in
decreased nutrients and energy intake, which could lead to “metabolic hunger” (D’Eath et al.,
2009; Tolkamp and D’Eath, 2016). An additional HS could result in a worsen state of nutrient
deprivation and metabolism disruption. Therefore, ameliorating HS may help hens to better adapt
to an ongoing molting procedure. However, this hypothesis has not been tested.

1.4

The aims of this project
Different strategies for alleviating HS have been examined in laying hens including

genetic selection, nutritional manipulation, and management tools. The deleterious effects of HS
cannot be completely resolved by using these strategies. Therefore, it is critical to continue to
develop effective methods to ameliorate HS so as to improve chicken health and welfare.
An estimated 90 to 94% of the egg laying hen population in the United States and all over
the world are housed in conventional cages (UEP, 2017). The European Union has banned the
use of conventional cages since 2012; and furnished cages are the only cage system permitted
(Council Directive 1999/74/EC, 1999). Similarly, the United States egg industry is introducing
alternative housing systems, including furnished cages and aviaries, as more hen welfare friendly
housing systems to replace conventional cages (Greene and Cowan, 2012). These alternative
housing systems improve some laying hen welfare condition by providing them with perches,
nest boxes, and scratch areas to satisfy their natural behavior needs (Lay et al., 2011; Dikmen et
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al., 2016). They also provide opportunities for investigators to modify these add-on features to
become cooling devices, especially perches, as laying hens are highly motivated to use the perch.
Water cooled perches have been successfully used in broiler chickens as indicated by
improved thermoregulation, increasing BW gain and muscle yields, decreasing abdominal fat
deposition as well as improving foot health and plumage condition (Estevez et al., 2002; Zhao et
al., 2012, 2013). More perching and lower incidence of panting also occurred in broiler chickens
provided with water cooled perches (Petti-Riley and Estevez, 2001; Estevez et al., 2002; Zhao et
al., 2012). The results from the broiler studies seemed to be promising evidence for the use of
water cooled perch to improve well-being status and health of egg laying strains of chickens.
However, the hypothesis has not been tested.
This project was designed to investigate if cooled perches 1) improve thermal comfort
and welfare of caged hens during hot weather and 2) assist caged hens to adapt to moltinginduced behavioral and neurophysiological changes under HS conditions.

1.5

Summary
Thermoregulatory responses including behavioral, physical and physiological alterations

help the hens to cope with temperature change. However, severe episodic HS, such as during a
heat wave, causes unacceptably high mortality due to serious hyperthermia and multi-organ
failure such as renal failure and hepatic dysfunction (Varghese et al., 2003). Studies conducted to
date provide comprehensive evidence of the negative effect of high environment temperature on
laying hens by reducing production performance, suppressing immunity, decreasing egg and
shell quality, and increasing inflammation and infectious diseases. Several methods have been
developed for combating HS, such as genetic manipulations, nutritional modification, and
improved ventilation, but the results are not guaranteed. Heat stress is still a major environmental
stressor in the egg industry globally. As a management practice, induced molting have been
successfully applied to regress and rejuvenate laying hens after the first year of production to
expand productivity of hens and enhance egg and shell quality. Compared to traditional feed
withdrawal molting method, non-feed withdraw molting is more animal welfare friendly.
However, non-feed withdrawal molting practices are not proven to eliminate stress as laying
hens still undergo physiological changes due to regression and rejuvenation of reproductive
system and experience some hunger. Thermal perches, as cooling devices, have been used in
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broilers to reduce HS responses, however, no study has been reported to examine the effect of
cooled perch on laying hens under acute and chronic HS, especially HS response under non-feed
withdraw induced molt. The objective of this dissertation research was to investigate the possible
beneficial effects of cooled perch on caged laying hens subjected to chronic cyclic heating
episodes and both HS and induced molt.
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CHAPTER 2.
EFFECT OF COOLED PERCHES ON PERFORMANCE,
PLUMAGE CONDITION, AND FOOT HEALTH OF CAGED WHITE
LEGHORN LAYING HENS EXPOSED TO CYCLIC HEATING
EPISODES

2.1

Abstract

Heat stress (HS) is one of the most detrimental environmental stressors that affect poultry. We
examined the effects of a water cooled perch system, as a cooling device, on the production
performance, plumage condition, and foot health of caged laying hens exposed to 2 cyclic
heating episodes. Hy-Line W-36 White Leghorns at 17 wk of age (n = 324) were randomly
assigned to 36 cages with 9 pullets in each cage. There were 6 banks with 6 cages/bank. Each
bank was assigned 1 of 3 treatments: cooled perches (CP), air perches (AP), and no perches
(controls or CTRL) resulting in 2 replicate banks per treatment. Chilled water (10 °C) was
circulated through the CP when cage ambient temperature reached 25 °C. Hens were subjected to
a daily cyclic temperature regimen with heat applied (34 to 36 °C) from 0600 to 1800 h followed
by reduced temperatures of 26 to 30 °C after 1800 h. This daily cyclic heating episode was
applied during 2 summers with episode 1 occurring when hens were 21 to 35 wk of age and
episode 2 when hens were 73 to 80 wk of age. At other times (17 to 20 and 36 to 72 wk of age),
the hens were kept in their thermoneutral zone with ambient temperature ranging from 21 to
22 °C. Mortality and egg production, including cracked and dirty eggs, were recorded daily.
Feed intake, egg weight, and shell quality traits were measured at 24, 28, 32, 36, 40, 48, 56, 64,
72, 76, and 80 wk of age. Body weight (BW) was determined at 17, 35, 72, and 80 wk of age.
Feather condition and foot health were measured when the hens were 80-wk-old. From 17 to 80
wk of age that included 2 summer heating episodes, hens with access to CP had greater egg
production (P < 0.0001) and feed usage (P < 0.0001) than hens with access to AP and CTRL
with no perches. The CP hens had higher BW at 35 and 72 wk of age (PTrt*Age = 0.03) and lower
cumulative mortality (P = 0.02) than CTRL but not hens with access to AP. Eggs from hens with
CP had heavier weights (P < 0.0001) and higher breaking force (P < 0.0001) than those from the
other 2 treatments. The beneficial effects of CP on the greater proportion of eggshell relative to
egg weight (P = 0.03) and higher eggshell thickness (P = 0.01) occurred during the 2 heating
episodes. Cracked and dirty eggs, nail length, hyperkeratosis score of the feet, and overall feather
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score among treatments were similar. Hens with access to CP had fewer broken toe nails than AP
hens (P = 0.04). These results indicate that water CP ameliorate the negative effects of HS on
egg production, mortality, BW, egg weight, and shell quality traits without influencing the
percentages of dirty and cracked eggs, overall plumage condition, and foot health of caged laying
hens.

2.2

Introduction
High environmental temperature accompanied with high humidity is one of the most

detrimental problems facing the commercial egg industries especially during hot summers.
Numerous egg industries are located in tropical or subtropical regions resulting in hens being
exposed to heat year round. The remarkable climate change in the last 50 years has resulted in
more hot days with more frequent and unexpected heat waves. Because animal health and
welfare are greatly compromised under heat stress (HS) conditions, its impact on hens has been
comprehensively studied. Heat stress negatively affects livability, egg production, egg weight,
and eggshell quality (Lin et al., 2006; Rozenboim et al., 2007; Ajakaiye et al., 2011; Yoshida et
al., 2011; Lara and Rostagno, 2013), which leads to profound economic losses (St-Pierre et al.,
2003).
Under HS, animals must dissipate heat to the surrounding environment to maintain
normal core body temperature. Heat stress reduces feed consumption in various domesticated
species including cows (Kadzere et al., 2002), pigs (Collin et al., 2001), sheep (Marai et al.,
2007), broiler chickens (Quinteiro et al., 2010), and laying hens (Mashaly et al., 2004). A
reduction in feed intake decreases metabolically produced heat (Etches et al., 2008). Hens
exposed to either acute (Mahmoud et al., 1996) or chronic (Mashaly et al., 2004) HS experience
a reduction in nutrient intake including calcium and protein, suppressed intestinal digestibility
and resorption, respiratory alkalosis, and endocrine disruptions resulting in diminished egg
production with poor egg weights and eggshell quality (Zuprizal et al., 1993; Bonnet et al.,
1997). Hen morbidity and mortality are increased as a result of HS (Reilly et al., 1991; St-Pierre
et al., 2003; Etches et al., 2008).
In order to alleviate the effect of HS on laying hens, various strategies have been used
such as feed manipulation, genetic selection, and physical cooling (Lin et al., 2006). Examples of
physically cooling the environment to reduce the impact of heat on chickens include tunnel
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ventilation, evaporative cooling pads, fogging, misting systems, and animal surface wetting
(Gates and Timmons, 1986; Timmons and Gates, 1988; Lin et al., 2006). However, those cooling
methods relying on evaporation have some disadvantages. For example, evaporative cooling
systems effectively lower house temperature, but unfortunately increase humidity, which can
lead to wet manure and litter, increased bacterial growth and excessive ammonia levels (Chepete
and Xin, 2000; Dawkins et al., 2004). The increased humidity ultimately inhibits evaporative
cooling efficacy from the bird’s surface as well as the bird’s ability to lose heat through panting,
particularly in humid climates (Yahav et al., 1995).
The results collected from the LayWel project (Blokhuis et al., 2007) indicate that the
enriched colony cage system is better than both conventional cages and aviaries in almost all
measured parameters including hen health and well-being, egg production, egg quality, food
safety, and environmental impact. Based on the outcome of the LayWel project, only enriched
cages as well as cage-free systems are allowed in the European Union (EU) since 2012 (EU
Commission, 1999). Similar results were reported by a recent comprehensive laying hen research
project, Coalition for Sustainable Egg Supply, conducted in the United States, using 1 strain of
layer, 2 flocks and 3 housing facilities (conventional cage, enriched cage, and aviary) at the same
location (Zhao et al., 2015a, b; Mench et al., 2016). In the United States, currently, 94% of the
total eggs produced are from laying hens housed in conventional cages (Windhorst, 2015; United
Egg Producers, 2017). Due to welfare concerns and outcomes of these studies, some
conventional cages were being substituted by more welfare-friendly enriched cages (Lay et al.,
2011). The advantages of furnished cages include more space allowance, enrichments such as
perches, nest box, and scratch area, which meet hens’ needs to exhibit most of their natural
behaviors (Appleby et al., 2002; Hester, 2014). Installation of perches could also serve as a
cooling device to reduce the negative effects of HS on laying hens. In the wild, animals seek
cooler microclimates to mitigate extreme temperatures such as shady areas and water. For cows,
provision of shade positively increases milk production in hot weather (Buffington et al., 1983;
Silanikove, 2000). Laying hens (Babcock 390) will select locations that facilitate heat dissipation
during HS, and vice versa under cold stress (Hooper and Richards, 1991). Similarly, offering a
cooled perch (CP) for roosting could be an effective way for hens to release more heat to the
environment through the perch. As estimated by Hillman and Scott (1989), in chickens, 25% of
the body heat produced can be lost through their feet because of the efficient arteriovenous
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anastomoses feature. Moreover, laying hens are highly motivated to perform perching behavior
when they have the opportunity to access perches (Olsson and Keeling, 2000, 2002). The CP
have been successfully applied to broiler chickens. Although commercially broiler chickens are
normally not provided with perches, CP installation in the barn improved the welfare status and
growth performance of broilers including lower mortality, better feed efficiency, and higher body
weight (BW) under HS (Reilly et al., 1991; Estevez et al., 2002; Okelo et al., 2003; Zhao et al.,
2012, 2013).
Our laboratory was the first to publish the effect of using perches as a cooling device on
hens subjected to a mild heat stress (Hu et al., 2016). The study included a 4-h acute heating
episodes of 33.5 oC during a very mild summer with an average temperature of 24 oC. As result
of the mild stress, the CP did not affect egg production and other performance traits. Our goal in
the current study was to subject hens to a more severe HS for a longer period of time than what
was used in the study of Hu et al (2016). Specifically, the objective was to investigate if water
chilled perches could ameliorate the deleterious effects of 2 long-term cyclic heating episodes on
caged laying hens.

2.3
2.3.1

Materials and Methods
Birds, management and cooled perch design
A total of 390 day-old Hy-Line W-36 White Leghorn female chicks was randomly

distributed to 30 cages at the Grower Research Unit at Purdue University Poultry Research Farm.
Twenty of the cages were furnished with 2 perches, and the remaining cages were used as CTRL
without perches. The pullet cage dimensions were described by Enneking et al. (2012). All hens
were reared using standard management guidelines and vaccination schedule (Hy-Line, 2016).
At 17 wk of age, 324 hens were transferred to the Layer Research Unit. The hens were assigned
to 1 of 3 treatments with 2 banks per treatment. The six banks were randomly assigned to 1 of
the 3 treatments: cages with thermally cooled perches (CP, Figure 2.1a), cages with ambient air
perches (AP, Figure 2.1b), and no perch (CTRL, Figure 2.1c). A bank consisted of 3 deck levels
with 2 cages per deck (12 cages per treatment). Nine birds were housed in each cage using a
stocking density of 439 cm2/hen and feeder space of 8.4 cm/hen. Pullets with previous access to
perches during grow-out were assigned randomly to the perch groups, i.e., either CP or AP
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cages. Chickens with no perches during the pullet phase continued as CTRL during egg laying
with no access to perches at any time during their life cycle. In the perch groups, each cage had 2
perches which were connected to form a continuous loop for each deck. Each perched cage
provided 16.9 cm of perch space/hen (Hester et al., 2013). Perch space was adequate for all 9
hens in each cage to roost simultaneously. The protocol was approved by the Purdue University
Animal Care and Use Committee (PACUC# 1302000813).
Hens were subjected to daily cyclic heating episodes from 21 to 35 and 73 to 80 wk of
age. Heat (34 to 36 °C) was applied using furnaces from 0600 to 1800 h followed by reduced
temperatures of 26 to 30 °C after 1800 h (Figure 2.2). This daily cyclic heating episode was
applied during 2 summers with episode 1 occurring when hens were 21 to 35 wk of age and
episode 2 when hens were 73 to 80 wk of age. At other times (17 to 20 and 36 to 72 wk of age),
hens were kept in their thermoneutral zone with the ambient temperature ranging from 21 to
22 °C. Hens were ventilated using negative pressure.
For CP, chilled water circulated within the round galvanized metal perch pipes (Big
Dutchman, Holland, MI, outside diameter 33.8 mm and inside diameter 28.5 mm). Pumps
(model 006-B4-15 Cartridge Circulator, Taco Inc., Cranston, RI) were used to circulate the
chilled water within the perch pipe. The pumps were turned on by a central controller when cage
temperature rose above 25 oC (Gates et al., 2014; Xiong et al., 2015). Water was cooled to
approximately 10 oC by an independent loop through a water chiller (model ER-101y, ELKAY
Manufacturing Co., Oak Brook, IL). Temperature and relative humidity HOBO loggers (model
ZW-007 for cages with perches and model ZW-003 for cages without perches, Onset Computer
Co., Bourne, MA) were installed on each deck of the bank (Figure 2.1). Two temperature sensors
were installed in each cooled perch loop of each deck to measure the supply and return water
temperatures. A single point for the ambient air perch temperature was also measured. Each deck
of the thermally CP group was independently controlled by cage air temperature via sensors and
pumps. Room and cage temperatures, and supply and return CP loop temperature, and relative
humidity were measured and recorded with HOBO data loggers at 1-min intervals throughout the
entire experiment (Figure 2.3).
Day old female chicks consumed a starter diet with 20% crude protein, 1.0% Ca, and
0.45% non-phytate phosphorus to 3.9 wk of age, and a grower diet from 4 to 15.9 wk with 18.6%
crude protein, 1.0% Ca and 0.40% non-phytate phosphorus. A pre-lay diet with 18.4% crude
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protein, 2.50% Ca, and 0.35% non-phytate phosphorus was fed from 16 to 17 wk of age followed
by a laying diet with 18.3% crude protein, 4.2% Ca, and 0.3% non-phytate phosphorus. Food and
water were provided for ad libitum. The lighting schedule was gradually stepped up from 12L:
12D beginning at 17 wk of age to 16L: 8D, which was achieved at 30 wk of age.
2.3.2

Measured parameters
Eggs were collected and recorded daily. Hen-day egg production per cage was calculated

as the total number of eggs produced per cage/number of live hens per cage × 100%. Hen-house
production for the period was calculated as total number of eggs produced/number of hens
housed × 100% during the period (Bell, 2002). The numbers of cracked and dirty eggs (egg with
blood and/or feces) were counted per cage and expressed as a percentage. Mortality that occurred
from 17 to 80 wk of age was recorded daily. The amount of feed used per cage over a 7-d period
was determined at 4 wk intervals during HS and at 8 wk intervals during thermoneutral
conditions, specifically at 24, 28, 32, 36, 40, 48, 56, 64, 72, 76 and 80 wk of age. Average daily
feed intake per hen was calculated as total feed used (g)/ 7 days × number of live hens (Hester et
al., 2013). Feed efficiency was calculated on a per cage basis as the ratio of weekly feed
utilization (kg) per dozen eggs produced. Ten intact hard-shelled eggs were collected from each
cage during 2 consecutive days (120 eggs/treatment) during the same week when feed intake was
measured. Each egg was weighed individually and measured for breaking force. The destruction
strength of an eggshell was determined using an egg force reader (ORKA Technology LLC.,
Bountiful, UT). A high number for breaking force is indicative of lower risk of shell breakage
during egg handling and transportation (Hamilton et al., 1979). Thereafter, eggs were frozen to
allow easy removal of yolk and albumen. The eggshell with intact shell membranes was rinsed
with water and dried in the oven at 60 oC overnight. The dried eggshell was weighed. Shell
thickness was measured 3 times each at 3 locations per sampled egg (2 ends and equator) using a
digital micrometer (MitutoyoAmerica, Aurora, IL). The 9 measurements per egg for shell
thickness were averaged. The proportion of eggshell was calculated as eggshell weight/egg
weight × 100% (Klingensmith and Hester, 1985).
Hen BW was determined at 17 (transfer from pullet to laying cages), 35 (at the end of the
first heating episode), 72 (1 wk prior to second heating episode) and 80 wk of age (at the end of
the second heating episode). Plumage condition and foot health were measured when the hens
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were 80-wk-old. Hen feather score was determined for 5 different parts of the body (breast, back,
wings, vent, and tail areas) using a 4 point scoring system with 1 being the worst condition
(severe feather damage and loss) and 4 representing the best plumage (Tauson et al., 2005). Both
foot pads and all toes were examined and scored for hyperkeratosis using a 1 to 4 scoring system
described by Tauson (1984b). A score of 4 represents healthy foot pads and toes with no lesions,
whereas a score of 1 indicates deep and large epithelial lesions. The 8 nail lengths of each hen
were measured using a flexible measuring tape and averaged. Numbers of broken claws for both
feet were recorded. Feather scores for all feather tracts and foot health data were averaged per
hen.
2.3.3

Statistical analysis
Data from the randomized block design were subjected to an ANOVA using the MIXED

method of SAS 9.4 software (SAS Institute Inc., Cary, NC). Repeated measures were used for
performance traits. The bank of cages was the experimental unit. Each of the 3 decks within a
bank was a sub-sample. Each of the 2 cages within a deck is a sub-sub-sample. Fixed effects
were treatment and age of the hens. Error terms included hens within cages, cages within deck,
and decks within bank. Pooling of error terms occurred when P > 0.25. A one-way ANOVA was
used for the remaining data in the study. If data lacked homogenous variances, BOXCOX was
used for transformation and the data reanalyze (Box and Cox, 1964). Egg production data were
arcsine square root transformed. Because statistical trends were similar for both transformed and
untransformed data, the untransformed results were presented (Steel et al., 1997). Tukey-Kramer
was used to partition differences among means due to significant treatment effect in the one-way
ANOVA (Steel et al., 1997). The SLICE option was used for the 2-way interaction of treatment
and age (Winer et al., 1991). Significant statistical differences were reported when P ≤ 0.05, and
a trend was reported when 0.05 < P ≤ 0.10.

2.4

Results
From 17 to 80 wk of age that included 2 summer heating episodes, hens with access to

CP had increased hen-day and hen-house egg production (P < 0.0001; Table 2.1). Specifically,
CP hens laid more eggs than both AP and CTRL (no perch) hens. The AP hens had higher egg
production than CTRL hens without perches. The beneficial effect was even more distinct
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toward the end of the laying cycle (treatment × age interaction, P < 0.0001; Figures 2.4 and 2.5).
For the overall main effect, the proportions of cracked and dirty eggs were similar among
treatments (Table 2.1). Hens laid a greater proportion of cracked eggs towards the end of the
laying cycle (age effect, P < 0.0001; Figure 2.6a). The proportion of dirty eggs fluctuated with
age showing no obvious trend (P = 0.001; Figure 2.6b).
Hens with access to CP laid heavier eggs (P < 0.0001) with higher eggshell breaking
force (P < 0.0001) than AP or CTRL hens (Table 2.2). Specifically, egg weight (P < 0.0001,
Figure 2.7) and breaking force of the shell (P < 0.01, Figure 2.8) were mostly improved during
the 2 summer cyclic heating episodes in the CP hens with few differences among treatments
when hens were not under HS. However, shell breaking force was also not improved in CP hens
during the first summer cyclic heating episode at 32 wk of age (treatment × age interaction =
0.01, Figure 2.8). As hens aged, they laid heavier eggs (P < 0.0001, Figure 2.7) with lower
breaking force (P < 0.0001, Figure 2.8).
Treatment response for the proportion of shell was inconsistent as the hens aged with the
CP hens not always laying eggs with a greater proportion of shell (Figure 2.9). In general, the CP
was most effective in increasing the proportion of shell during HS (at 24 wk of age for the first
heating episode and at 76 and 80 wk of age for the second heating episode). However, the other
ages (28 and 32 wk of age) during HS showed no differences in the proportion of shell due to
treatment contributing in part to the treatment × age interaction (P = 0.03).
Treatment response for shell thickness was more consistent with age than proportion of
shell. Hens with access to CP during the 2 summer cyclic heating episodes had thicker shells as
compared to the other treatments of either AP or CTRL with 1 exception at 32 wk of age (Figure
2.10). When hens were not subjected to the heating episodes, shell thickness was generally not
affected by treatment with 1 exception occurring at 36 wk of age where both CP and CTRL hens
laid eggs with thicker shells as compared to AP hens (treatment × age interaction, P = 0.01).
Cumulative hen mortality from 17 to 80 wk of age was higher in hens housed in cages
without perches than CP hens but not AP hens (P = 0.02, Table 2.3). Hens with access to CP had
higher overall feed utilization than the other 2 treatments (P = 0.0002, Table 2.3). The treatment
by age interaction was due to greater feed utilization for the CP hens during the 2 heating
episodes. At other ages (an exception occurred at 64 wk of age) when hens were not exposed to
cyclic heating episodes and were within their thermoneutral zone, feed utilization was similar
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among treatments (P = 0.04, Figure 2.11). Hen BW in response to provision of CP was
inconsistent with age (treatment × age interaction, P = 0.03, Table 2.3). Cooled perch hens had
higher BW at 35 and 72 wk of age with no differences due to treatment at the other ages of 17
and 80 wk (Figure 2.12). Feed efficiency was not affected by treatment (P = 0.23) but became
worse as hens aged (P < 0.0001; Table 2.3).
Claw length, overall feather score, and hyperkeratosis score were unaffected by treatment
(Table 2.4). Breast feather scores were worse (P = 0.002), but tail feather scores were improved
(P = 0.05; Figure 2.13) in both perch groups as compared to CTRL. The other plumage areas of
wing, back, and vent were not affected by treatment. Hens with access to CP had fewer broken
toe nails than AP hens. The number of claws broken in CTRL hens was intermediate between the
other 2 treatments (P = 0.04. Table 2.4).

2.5

Discussion
Water chilled perches ameliorate the negative effects of cyclic HS on egg production,

mortality, BW, egg weight, and shell quality traits without influencing the percentage of dirty
and cracked eggs, overall plumage condition, and foot health of caged laying hens. Provision of
water chilled perches likely assists hens in conducting body heat to the perch through their feet
or other body parts that come in contact with the perch when the ambient temperature is above
the upper critical boundary of the thermoneutral zone. Less effort is needed by CP hens to
maintain thermal homeostasis through other methods such as limiting energy intake from feed
and increasing evaporative heat loss through panting; thus, production is improved.
2.5.1

BW, feed utilization, and mortality
It is well known that elevated temperatures depress appetite causing poultry to lose

weight (Tanor et al., 1984; Zulkifli et al., 2000a; Sahin et al., 2002; Mashaly et al., 2004; Ciftci
et al., 2005). For temperatures that range from 5 to 35 oC, a 1.5% decrease in feed intake per 1 oC
increase was observed in laying hens under chronic or cyclic temperature regimens compared to
no decrease in feed intake for baseline CTRL at 20-21 oC (National Research Council, 1981).
Our results showed that these negative effects of HS on feed intake were ameliorated by
providing hens with access to CP. Likewise, broiler chickens responded favorably to water
chilled perches when exposed to high environmental temperature (Muiruri and Harrison, 1991;
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Reilly et al., 1991; Estevez et al., 2002; Zhao et al., 2013). Specifically, broilers subjected to HS
of 32 to 35 oC with access to CP had increased BW, feed intake, and improved feed efficiency.
In the present study, BW was higher in CP hens than CTRL after the first chronic HS exposure
(35 wk of age) and 1 wk before the second heating period (72 wk of age), but no differences
were found at the beginning of the laying phase (17 wk of age), which was expected because
heating episodes had not been initiated, and at the end of the second heating episode (80 wk of
age). It is unknown why differences in BW dissipated among treatments at the end of the study
as 80 wk-old CP hens were utilizing more feed than AP and CTRL hens (Figure 2.12) and,
therefore, they should have weighed more. The increased feed intake is an indicator of better
thermoregulation of hens with access to CP, as hens have greater ability to match heat production
with heat loss to the environment without suppressing energy intake (Lin et al., 2006; Slimen et
al., 2016).
Feed efficiency was not improved as a result of providing CP to laying hens unlike other
studies with broiler chickens (Reilly et al., 1991; Estevez et al., 2002; Zhao et al., 2013). Hens
with CP did produce more eggs (Table 2.1), but at the same time, they used more feed than the
other 2 treatments (Table 2.3).
The CTRL hens had higher cumulative mortality than CP hens with intermediate
mortality for AP hens. The higher mortality rate of CTRL chickens is perhaps an indicator of
these hens inability to acclimate to elevated temperatures. When temperature is consistently
higher or suddenly climb above the upper limit of the thermoneutral zone, osmolality and protein
structure are disturbed resulting in multiple organ failure (Jardine, 2007; Hansen, 2009). In 2011,
50,000 chickens died at a farm after the power went off for less than an hour when the ambient
temperature was over 37 oC (Hegeman, 2011). The immune system is compromised with high
temperature exposure (Mashaly et al., 2004). Both humoral and cell-mediated immunity of birds
were depressed under HS (Ogle et al., 1997; Zulkifli et al., 2000b), which make the birds more
prone to infectious diseases that can lead to higher mortality. In the present study, the mortality
observed in CTRL was most likely due to organ failure rather than disease as necropsy of dead
birds only had 1 case of Escherichia coli infection. Similar to our study, elevated mortality was
reported in broiler chickens and laying hens housed under an ambient temperature of 35 oC
compare to a thermoneutral environment (Deaton et al., 1978; Mashaly et al., 2004). Installation
of CP should greatly facilitate hen survival under conditions of elevated temperatures.
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2.5.2

Egg production
Reproduction diminishment is a well-known phenomenon in both mammals and birds

exposed to high environmental temperature (Hansen, 2009). Providing CP reduced the negative
effects of HS on overall egg production (Table 2.1), especially near end of lay (Figures 2.4 and
2.5). In addition, the AP hens had higher production performance than CTRL hens when exposed
to 2 cyclic heating episodes. Previous studies dealing with perch effects on egg production were
conducted on hens under thermoneutral conditions, and they reported no beneficial effect of
perch availability on egg laying (Tauson, 1984a; Duncan et al., 1992; Abrahamsson and Tauson,
1993; Hester et al., 2013; Hester, 2014). In the current study, access to perches, whether cooled
or not, was most likely an effective way for hens to increase space availability when standing on
the perch, thereby increasing airflow rate to the hens and avoiding heat accumulation and
transfer among cage mates (Pettit-Riley and Estevez, 2001). However, under conditions of cyclic
heating episodes, egg production of hens with CP benefited greatly from thermal cooling
offering an enhanced advantage over AP hens. Heat stress inhibits nutrient intake, digestibility,
and intestinal absorption of laying hens due to heat-induced intestinal damage, which limits the
availability of circulating nutrients in the blood that are essential for egg formation (Etches et al.,
2008). In addition, the nutrient deprivation under elevated temperatures is most likely associated
with redistribution of blood inside the body. Under HS, blood flow is redistributed mostly to the
peripheral tissues in order to dissipate more heat to the environment, which results in reduced
blood flow and motility in the gastrointestinal tract, thus affecting intestinal function (Wolfenson
et al., 1981; Mitchell and Carlisle, 1992). Diminished egg laying under HS could also be
partially influenced by depression of reproductive hormones (Rozenboim et al., 2004, 2007).
Similar to the changes of the gastrointestinal tract, the reproductive tract receives decreased
blood flow under heat exposure. In mammals, HS disrupts spermatogenesis (Perez-Crespo et al.,
2008; Paul et al., 2009), oocyte development (Zeron et al. 2001; Sartori et al. 2002), and
embryonic development (Ealy et al., 1993; Sakatani et al., 2008). The higher reproductive
performance of hens with access to CP indicates that this cooling system has the potential to
ameliorate the negative effect of HS by conductively transferring heat from hens to the cooled
water.
The CP mitigated the negative effects of HS on egg production without increasing the
incidence of unmarketable eggs as the percentages of cracked and dirty eggs did not differ
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among the 3 treatments. Previous studies have reported an increased incidence of cracked eggs
when perches were placed in cages compared to conventional cages, as birds may lay eggs while
standing on the perch (Tauson, 1984a; Glatz and Barnett, 1996; De Reu et al., 2009). The low
perch height (8.9 cm) used in the current study minimized the chance of shell breakage when
eggs were laid by perching hens, agreeing with the results from a previous study with the same
perch height (Hester et al., 2013). Tuyttens et al. (2013) suggested that a lower perch could be an
effective remedy for the high prevalence of broken eggs in furnished cages with elevated perches
and at the same time meet the hen’s behavioral need to perch. Under thermoneutral conditions,
laying hens with access to perches as compared to conventionally cage hens without perches
showed an increase in the proportion of dirty eggs (Nakaue et al., 1984; Hester et al., 2013).
Other studies reported no perch effect on the incidence of dirty eggs (Tauson, 1984a; Appleby et
al., 1992). The installation of perches in cages causes chickens to spend less time walking on the
bottom of the cage floor which can interfere with eggs rolling to the collection area due to less
vibration (Hester, 2014). Heavy perch use can also cause manure accumulation directly under the
perch leading to dirty eggs (Nakeue et al., 1984).
2.5.3

Egg weight and shell quality
Egg traits, including egg weight and shell breaking force, were improved with the

presence of CP compared to the other 2 treatments. Eggs from hens exposed to elevated
temperatures, either constant or cyclic, weighed less than eggs from hens housed within their
thermoneutral zone (Kirunda et al., 2001; Mashaly et al., 2004). The increased weight of eggs
laid by hens with access to CP is likely related to increased protein and amino acid consumption
due to higher feed intake. Increased egg size and weight occur in broiler breeder hens (Joseph et
al., 2000) and laying hens (Summers and Leeson, 1994; Keshavarz and Nakajima, 1995) fed
increased crude protein levels in the pre-lay and early lay diets. Higher breaking force numbers
of eggs from CP hens suggest that these eggs are less likely to crack or break during handling
and transportation (Hamilton et al., 1979), leading to more marketable eggs and economic profits
for producers. The increase in egg weight (Figure 2.6) and the decline in egg breaking force as
hens age (Figure 2.7) are in agreement with previous studies (Minvielle et al., 1994; RodriguezNavarro et al., 2002; Mitrovic et al., 2010; Tumova et al., 2017).
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In addition to shell breaking force, eggshell thickness and percentage of shell are
indicators of shell quality. These shell traits are all positively correlated to each other with low
numbers indicating a greater probability for shells to crack (Ar et al., 1979; Sun et al., 2012).
Similar to our results on shell breaking force, these shell traits were mostly improved in CP hens
as compared to AP and CTRL hens during the 2 summer cyclic heating episodes with little to no
differences in these shell traits when hens were kept in their thermoneutral zone. Lowered
calcium consumption critically affects shell quality (Scott et al., 1971; Creger et al., 1976).
Under conditions of homeostasis, calcium used for eggshell formation mostly come from the diet
(Taylor, 1970; Keshavarz and Nakajima, 1993; Roberts, 2004). Under normal temperatures when
hens are in their thermoneutral zone, they will over-consume feed if they are provided with a low
calcium diet in order to have enough calcium for eggshell formation (Roland et al., 1985;
Clunies et al., 1992). During HS, appetite is depressed to minimize metabolic heat production
causing inadequate calcium intake leading to poor shell quality. In addition, continuous panting
that could lead to hyperventilation under extreme HS conditions causes respiratory alkalosis.
Arterial blood pH increases during alkalosis, decreasing the availability of circulating
bicarbonate and calcium ions, 2 major components of eggshell (Balnave and Muheereza, 1997;
Nys, 1999). These changes further decrease eggshell quality (Odom et al., 1986; Koelkebeck and
Odom, 1994; Ruzal et al., 2011). Reduced panting in the CP as compared to AP and CTRL hens
was observed in our first study dealing with CP (Hu et al., 2016) and was confirmed in our
current study (Makagon et al., 2015). Broiler chickens also show reduced panting when given
access to CP (Zhao et al., 2012). A reduction in panting that avoids deep breathing, and
subsequently respiratory alkalosis, could also contribute to improved shells of eggs from CP
hens.
The lack of an effect of CP on shell breaking force at 32 wk of age, the proportion of
shell at 28 and 32 wk of age, and shell thickness at 32 wk of age during the first summer cyclic
heating episode is perplexing. Because the hens had access to CP used more feed at these ages
which would be indicative of greater calcium intake.
The higher proportion of shell post HS in eggs from CTRL hens at 36 wk of age and AP
hens at 64 wk of age can be explained in part by small egg size or lower rate of lay. Compared to
large eggs, hens laying lighter eggs place the same amount of shell around the yolk and albumen
contents leading to thicker shells. Lower egg production creates less demand for calcium. Thus,
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the proportion of shell based on egg weight could increase (Mazzuco and Hester, 2005) under
circumstances of lower egg weight and production. In addition, heat habituation and acclimation
might be achieved after repeated or chronic HS. Adjustments in systematic functioning in
response to HS could help the hens to develop a new homeostasis which may improve thermotolerant ability and their ability to lay eggs with better shell quality (Yahav et al., 2009).
2.5.4

Physical condition
Feather condition, when averaged across all of the examined feather tracts, was not

affected by provision of perches (Table 2.4), similar to results reported by Barnett et al. (1997) in
hens not exposed to HS. In contrast, hens maintained in their thermoneutral zone had poorer
overall feather scores due to the presence of metal (Hester et al., 2013) or wooden perches
(Tauson, 1984a). Caged hens with perches had worse feather scores for the neck, breast, wings,
and tail as compared to these same feather tracts of hens in conventional cages without perches
(Tauson 1984a). Hester et al. (2013) observed poorer breast and tail feather scores but better
back feather scores in hens with perch access as compared to those hens with no perches. In
contrast, Braastad (1990) observed better feather condition of hens in cages with perches
compared to hens without perches under thermoneutral conditions. The poorer scores for breast
feathers of hens with access to either CP or AP in the current study were most likely due to the
rubbing of the hen’s breast when sitting on the perches. For the current study, the better tail
feather scores of hens with access to perches, in particular the AP as compared to CTRL, might
be due to cage mates having less opportunity to step on them because they were not spending too
much time sitting on the floor unlike CTRL hens. Similar results were found in the study
conducted by Barnett et al. (1997) investigating perch effect in caged hens under thermoneutral
conditions.
Foot health for all hens in this study was excellent because the average hyperkeratosis
score of 3.85 (1 to 4 scale) was near to perfect resulting in no treatment effect. Broiler chickens
raised on littered floor and given access to CP had better foot condition including improved burn
scores for the hock and footpad as compared to CTRL without perches (Zhao et al.,2012). Floor
housing with wet litter leads to a higher incidence of foot damage in both broilers (Dunlop et al.,
2016) and laying hens (Wang et al., 1998). Although water condensation was observed on the
surface of the CP due to the large temperature gap between perch (10 oC) and ambient
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temperature (35 oC), foot health was not affected by the wet roosting surface in the current study.
Bumble foot was not observed.
The presence of metal perches serves as an abrasive to trim toenails of caged hens
(Hester et al., 2013), but different results have also been reported with no effect of perch
installation on claw length (Tauson, 1984a; Appleby et al., 1992), which is similar to the current
finding. It is important to keep toe nails trimmed as long claws, which are especially prevalent in
aging hens, can break off more easily leading to bleeding and open wounds that could cause pain
and infection (Lay et al., 2011). Generally, in perch equipped cages, hens jumping on and off the
perches have a higher risk of breaking toenails (Hester et al., 2013). Interestingly, we found more
broken toenails in the AP hens than CP hens but not CTRL. During the cyclic heating episodes,
hens with CP may have spent longer periods of time remaining on the perches to stay cool,
whereas the AP hens were more restless. The AP hens may have jumped on and off the perches,
continuously switching to different locations in the cage in their attempt to find a cooler area
during the heating episodes. Further behavior data, however, are needed to prove this hypothesis.

2.6

Conclusion
The cooled perch system helped laying hens effectively thermoregulate during cyclic

heating episodes of 34 to 36 °C. The presence of CP in cages improved egg production, egg
weight, shell traits, and livability of laying hens during cyclic heating episodes. The provision of
CP did not compromise overall plumage conditions and foot health. More broken toenails were
found in hens with access to AP in comparison to CTRL but not CP hens. Our results indicate
that the CP could be an effective alternative cooling method for caged laying hens to ameliorate
the deleterious effects of high ambient temperature, thus improving the welfare status of hens
during hot weather.
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Table 2.1 The effect of cooled perches (CP) as compared to air perches (AP) and controls
(CTRL) with no perches on overall hen-day and hen-house egg production as well as the
proportion of cracked and dirty eggs of caged laying hens (17 to 80 wk of age)

Hen-day egg

Hen-house egg

Cracked eggs1

Dirty eggs1

production1 (%)

production1 (%)

(%)

(%)

Treatment
CP

77.6a

76.1a

1.47

0.27

AP

74.9b

73.7b

1.95

0.25

CTRL

72.6c

69.0c

1.91

0.42

SEM

0.5

0.6

0.34

0.11

n2

384

384

384

384

P Trt

< 0.0001

< 0.0001

0.55

0.47

P Age

< 0.0001

< 0.0001

< 0.0001

0.001

P Trt*Age

< 0.0001

< 0.0001

0.17

0.61

P-value

a-c

Least squares means within a column for the 3 treatments lacking a common superscript differ

(P < 0.05).
1

Values within a column represent the least squares means averaged over 16 months of egg

production (17-80 wk of age).
2

Average number of observations per least squares means
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Table 2.2 The effect of cooled perches (CP) as compared to air perches (AP) and controls
(CTRL) with no perches on overall weight and shell traits of eggs from caged laying hens

Egg weight1

Breaking force1 Proportion of
eggshell1 (%)

Eggshell thickness1

(g)

(N)

(mm)

CP

61.1a

36.3a

8.69

0.34

AP

60.0b

34.9b

8.66

0.33

CTRL

59.6b

35.0b

8.71

0.33

SEM

0.1

0.06

0.002

Treatment

n2

1320

0.3
1320

1320

1320

P-value
P Trt

< 0.0001

< 0.0001

0.82

0.44

P Age

< 0.0001

< 0.0001

< 0.0001

< 0.0001

P Trt*Age

< 0.0001

0.01

0.03

0.01

a, b

Least squares means within a column for the 3 treatments lacking a common superscript differ

(P < 0.05).
1

Values within a column represent the least squares means of 10 eggs from each of the 3

treatment groups averaged over 11 ages at 24, 28, 32, 36, 40, 48, 56, 64, 72, 76 and 80 wk of
age.
2

Average number of observations per least squares means.
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Table 2.3 The effect of cooled perches (CP) as compared to air perches (AP) and controls (CTRL) with no perches on overall hen
mortality, feed usage and efficiency, and body weight (BW)

Cumulative hen
mortality (%)

Feed utilization1

Feed efficiency1

Hen BW

(g/hen/d)

(kg of feed/dozen eggs)

(kg)2

Treatment
CP

2.78b

103.02a

1.57

1.44

AP

3.70ab

98.28b

1.58

1.40

100.56b

1.84

1.40

0.12

0.02

CTRL

10.19a

SEM

1.93

n3

24

0.82
264

264

96

P-value
P Trt

0.02

P Age

--

P Trt*Age

--

a,b
1

0.23

0.27

< 0.0001

< 0.0001

< 0.0001

0.04

0.19

0.03

0.0002

Least squares means within a column for the 3 treatments lacking a common superscript differ (P < 0.05).

Values within a column represent the least squares means averaged over 11 ages at 24, 28, 32, 36, 40, 48,

56, 64, 72, 76 and 80 wk of ages.
2
3

Values within a column represent the least squares means averaged over 4 ages at 17, 35, 72 and 80 wk of ages.
Average number of observations per least squares means when hens are 80 wk of age.
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Table 2.4 The effect of cooled perches (CP) as compared to air perches (AP) and controls
(CTRL) with no perches on feather score and foot health at 80 wk of age

Mean Feather

Hyperkeratosis Mean Nail

# of Broken

Score1

score2

CP

2.02

3.82

2.46

0.96b

AP

2.46

3.91

2.16

1.58a

CTRL

1.95

3.83

1.80

1.13ab

SEM

0.27

0.24

0.23

0.18

Length (cm)

Toenails

Treatment

n3
P-value
a,b

24
0.36

24
0.96

24
0.13

24
0.04

Least squares means within a column for the 3 treatments lacking a common superscript differ
(P < 0.05).
1
Scores for feather condition ranged from 1 to 4, with 4 represent no damage to the feathers and
1 represent severe damage.
2
Scores for hyperkeratosis ranged from 1 to 4, with 4 represent normal feet, and 1 represent
severe hyperkeratosis.
3
Average number of observations per least squares means
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Figure 2.1 Cage bank design and dimensions for the 3 treatments of cooled perch (CP) (a), air
perch (AP) (b), and controls (CTRL) with no perches (c).
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Figure 2.1 continued
(c)
ZW-003 Temp/
RH data logger

7

Cage 8

ZW -00 3 Temp/
RH d ata logger

Cage 9

Cage 10
ZW--003 Tem p/
RH data logger

Cage 11

Cage 12

Two perches were installed in each layer cage in parallel arrangement to each other. Perch height
for both perches was 8.9 cm (3.5 inch) from the cage floor. There was a distance of 15 cm (6
inch) between the 2 perches and a distance of 18 cm (7 inch) between the front perch and the
feed trough. Between the rear perch and the back of the cage, there was a distance of 15 cm (6
inch). For the CP treatment, a manifold was used to supply perch lines with chilled water in a
continuous loop for each deck. Perch loops were independently controlled by cage air
temperature of each deck via thermal sensors and pumps. Printed with permission from the
American Society of Agricultural and Biological Engineers (Gates et al., 2014).
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Figure 2.2 Study design timeline of 2 cyclic heating episodes from 21 to 35 and 73 to 80 wk of
age.

75
40

- - Room Temperature
- - - · Water Supply Temperature
····· · Water Return Temperature

35

---

£-)
30
-.._.,
(!.)

s-

::s

~
25
(!.)
a.

8
(!.)

E-o 20

15

-

~

,.

.. , ,I\-~ .. ,

I

- .... t

\

'

10 ----...----...------,,-------.-------,------------00:00
03:00
06:00
09:00
12:00
15:00
18:00
21 :00

Time of day
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Figure 2.4 Monthly hen-day egg production of 324 laying hens
Monthly hen-day egg production of 324 laying hens (□ = control or CTRL, ● = cooled perch or
CP, ▲= air perch or AP) during their laying phase (17 to 80 wk of age). a-cWithin age, least
squares means ± SEM with no common letter are significantly different (treatment × age
interaction, P < 0.0001). Values represent the least squares means ± SEM (treatment × age
interaction, P < 0.0001).
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Figure 2.5 Monthly hen-house egg production of 324 laying hens
Monthly hen-house egg production of 324 laying hens (□ = control or CTRL, ● = cooled perch
or CP, ▲= air perch or AP) during their laying phase (17 to 80 wk of age). a-cWithin age, least
squares means ± SEM with no common letter are significantly different (treatment × age
interaction, P < 0.0001). Values represent the least squares means ± SEM (treatment × age
interaction, P < 0.0001).
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Figure 2.6 Monthly cracked (a) and dirty eggs (b) of 324 laying hens
Monthly cracked (a) and dirty eggs (b) of 324 laying hens (□ = control or CTRL, ● = cooled
perch or CP, ▲= air perch or AP) during their laying phase (17 to 80 wk of age). Values
represent the least squares means ± SEM.
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Figure 2.7 Egg weight (g) of White Leghorns submitted to 1 of 3 treatments
Egg weight (g) of White Leghorns submitted to 1 of 3 treatments (□ = control or CTRL, ● =
cooled perch or CP ▲= air perch or AP) between 17 to 80 wk of age. a-cWithin age, least squares
means ± SEM with no common letter are significantly different (treatment × age interaction, P <
0.0001). Means represent 10 eggs collected from each cage for a total of 12 cages per age.
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Figure 2.8 Egg breaking force (N) of White Leghorns submitted to 1 of 3 treatments
Egg breaking force (N) of White Leghorns submitted to 1 of 3 treatments (□ = control or CTRL,
● = cooled perch or CP ▲= air perch or AP) between 17 to 80 wk of age. a,b Within age, least
squares means ± SEM with no common letter are significantly different (treatment × age
interaction, P = 0.01). Means represent 10 eggs collected from each cage for a total of 12 cages
per age.
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Figure 2.9 The proportion of shell (%) of eggs collected from White Leghorns submitted to 1 of
3 treatments
The proportion of shell (%) of eggs collected from White Leghorns submitted to 1 of 3
treatments (□ = control or CTRL, ● = cooled perch or CP, ▲= air perch or AP) from 24 to 80 wk
of age. a,b Within age, least squares means ± SEM with no common letter are significantly
different (treatment × age interaction, P = 0.03). Means represent 10 eggs collected from each
cage for a total of 12 cages for each age and treatment.
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Figure 2.10 Eggshell thickness (mm) of White Leghorns submitted to 1 of 3 treatments
Eggshell thickness (mm) of White Leghorns submitted to 1 of 3 treatments (□ = control or
CTRL, ● = cooled perch or CP ▲= air perch or AP) between 17 to 80 wk of age. a,b Within age,
least squares means ± SEM with no common letter are significantly different (treatment × age
interaction, P = 0.01). Means represent 10 eggs collected from each cage for a total of 12 cages
per age.
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Figure 2.11 Feed utilization (g/hen/d) of White Leghorns submitted to 1 of 3 treatments
Feed utilization (g/hen/d) of White Leghorns submitted to 1 of 3 treatments (□ = control or
CTRL, ● = cooled perch or CP ▲= air perch or AP) between 17 to 80 wk of age. a,b Within age,
least squares means ± SEM with no common letter are significantly different (treatment × age
interaction, P = 0.04).
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Figure 2.12 Body weight (BW, kg) of White Leghorns submitted to 1 of 3 treatments
Body weight (BW, kg) of White Leghorns submitted to 1 of 3 treatments (□ = control or CTRL,
● = cooled perch or CP, ▲= air perch or AP) at 17, 35, 72 and 80 wk of age. a,b Within age, least
squares means ± SEM with no common letter are significantly different (treatment × age
interaction, P = 0.03). Means represent 2 hens weighed from each cage for a total of 12 cages per
age.

85

~

CTRL

CP
C J AP
3

a

~

0

(.)

C/)

...
<1)

£

2

ell

<1)

µ...

0

Wing

Back

Breast

V ent

Tail

Feather tract location

Figure 2.13 The effect of cooled perch (CP) as compared to air perch (AP) and controls (CTRL)
on the feather scores of the wing, back, breast, vent, and tail of caged White Leghorn hens at 80
wk of age.
Scores for feather condition ranged from 1 to 4, with 4 representing non-damaged feather and 1
indicative of severe damage. Values represent the least squares means ± SEM. Within a region of
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CHAPTER 3.
EFFECT OF COOLED PERCHES ON PHYSIOLOGICAL
PARAMETER OF CAGED WHITE LEGHORN LAYING HENS
EXPOSED TO CYCLIC HEATING EPISODES

3.1

Abstract

High environmental temperature induces a series of physiological changes in chickens including
reduced thyroid function and immunity. We assessed the effects of water chilled perches on the
physiological parameters of caged laying hens exposed to 2 cyclic heating episodes. Hy-Line W36 White Leghorns at 17 wk of age (n=324) were randomly assigned to 36 cages with 9 pullets
in each cage. There were 6 banks with 6 cages/bank. Each bank was assigned to 1 of 3
treatments: cooled perch (CP), air perch (AP), and no perch (controls or CTRL) resulting in 2
replicate banks per treatment. Chilled water (approximately 10 °C) circulated through the CP
when cage ambient temperature reached 25 °C. Hens were submitted to a daily cyclic
temperature regimen with heat applied (34 to 36 °C) from 0600 to 1800 h followed by reduced
temperatures of 26 to 30 °C after 1800 h. This daily cyclic heating episode was applied during 2
summers with episode 1 occurring when hens were 21 to 35 wk of age and episode 2 when hens
were 73 to 80 wk of age. Hens were kept under thermoneutral conditions for the remaining ages
of 17 to 20 and 36 to 72 wk of age. Plasma levels of triiodothyronine (T3), thyroxine (T4),
interleukin (IL)-6, IL-10, immunoglobulin (Ig) Y, interferon (IFN)-Ƴ, and heat shock protein
(HSP) 70 were measured on the last day of the 2 heating episodes, specifically at the end of 35
and 80 wk of age. Rectal temperature, packed cell volume (PCV), and heterophil to lymphocyte
(H/L) ratio were determined at the same time. At the end of the 1st heating episode, hens with
access to CP had lower rectal temperature (P = 0.02) than hens with access to AP and CTRL.
The CP hens had lower plasma HSP 70 (P = 0.04) than CTRL but not hens with access to AP. At
the end of the 2nd heating episode, hens with access to CP had lower rectal temperature (P =
0.02) and H/L ratio (P = 0.01) than hens with access to AP and CTRL. The CP hens had higher
T3 (P = 0.002) and T3/T4 ratio (P = 0.0006) than CTRL but not AP hens, and greater PCV than
AP but not CTRL (P = 0.02). Plasma cytokines and IgY levels were similar among treatments
after both heating episodes. These results indicate that hens given access to CP during simulated
cyclic heat were able to cope with heat stress better than AP and CTRL hens as noted by the
beneficial effects on thyroid activity, HSP, and H/L ratio.
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3.2

Introduction
Heat stress (HS) is one of the most detrimental environmental stressors affecting the egg

industry. The stress response involves multiple organs and systems causing a series of
pathophysiological adjustments in order to maintain biological homeostasis. As an endothermic
animal with a thermoneutral zone of 18 to 25 oC, chickens are able to maintain body core
temperature of 41 oC via sensible and latent heat loss during periods of hot weather (Whittow,
1984). However, excessive heat load causes chickens to experience hyperthermia leading to the
possibility of death. An acute and severe heat wave can cause sudden death of chickens due to
heat exhaustion and heat stroke (Lin et al., 2006b; Etches et al., 2008). For example, in 2011,
50,000 chickens died at a farm when the ambient temperature was over 37 oC after the power
went off for less than an hour (Hegeman, 2011).
Major methods of heat transfer in domesticated fowl include respiratory evaporation
(Richards, 1976; Marder and Arad, 1989), cutaneous evaporation (Webster and King, 1987;
Ophir et al., 2002), and sensible heat exchange via conduction, convection, and radiation. Heat
dissipation capability of birds is compromised by coverage with feathers. Conductive heat
exchange is especially effective from unfeathered areas such as the comb, wattles and feet
(Yahav et al., 2009). Under extreme HS, hens are unable to maintain a balance between body
heat production and heat loss, causing increased skin temperature and subsequently, leading to
an elevation in body core temperature (Altan et al., 2003; Lara and Rostagno, 2013).
Physiological adjustments due to HS involve the endocrine system and its related
hormones. The thyroid hormones of triiodothyronine (T3) and thyroxin (T4) are 2 of the most
important regulatory hormones related to heat and energy metabolism (May, 1982; Bowen et al.,
1984; Bowen and Washburn, 1985; Gabarrou et al., 1997). Especially, T3, as the major
metabolic stimulating hormone, regulates body heat production by stimulating nutrient
metabolism and thermogenesis (Yahav, 2000; Yahav et al., 2009). The T3 is synthesized by the
thyroid gland or deionized from T4 in various tissues (Freake and Oppenheimer, 1995). A
cellular mechanism used to immediately cope with elevated ambient temperature is for
domesticated fowl to decrease the secretion of T3 and increase the conversion of T4 to r-T3
(reverse triiodothyronine, r-T3), an inactive form of T3, culminating in reduced heat production
(Yahav et al., 2009). Compared to animals housed in thermoneutral environments, decreased
levels of T3 occurs during HS in cattle (Pereira et al., 2008), turkeys (Chiang et al., 2008), and
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chickens (Sahin et al., 2001; Wan et al., 2017) in order to minimize metabolic heat production
and achieve biological homeostasis.
It is generally accepted that chronic exposure to high environmental temperature
suppresses immunity in laying hens (Mashaly et al., 2004; Leon and Helwig, 2010). Various
biomarkers have been used as indicators for evaluating the effects of high temperature exposure
on immune responses in animals including laying hens. Heterophil to lymphocyte ratio (H/L) is
used as a reliable stress indicator in poultry (Gross and Siegel, 1983), and an increased H/L ratio
has been detected in HS hens (McFarlane and Curtis, 1989; Mashaly et al., 2004; Strong et al.,
2016). Antibodies secreted by immune B-cells and various cytokines synthesized and released by
various immune cells play important roles in both humoral and cell-mediated immunity
(Bausinger et al., 2002; Mashaly et al., 2004; Starkie et al., 2005). High environmental
temperature suppresses antibody production and causes alterations of cytokine synthesis
(Mashaly et al., 2004; Deng et al., 2012). Secretion of cytokines is usually initiated with the
activation of the hypothalamic-pituitary-adrenal axis in response to stress.
Heat shock proteins (HSP) or stress proteins, as chaperone molecules, facilitate protein
stabilization or bind to stress sensitive proteins to protect them from unfolding or denaturing
following various stimulations. With HS exposure, for example, secreted HSP are related to
stress-induced cellular damage and lack of thermotolerance (Kregel, 2002; Belhadj Slimen et al.,
2015). An overexpression of HSP occurs in different species of animals exposed to HS including
laying hens (Felver-Gant et al., 2012), broilers (Yu et al., 2008), cattle (Gaughan et al., 2013),
and pigs (Pearce et al., 2013).
In the United States, the majority of laying hens are currently housed in conventional
cages without amenities (United Egg Producers, 2017). However, the enriched colony cage with
perches, nest box, and scratch pads is one of the most favorable housing systems for laying hens
using multiple aspects of evaluation from egg production, health status, and behavior repertoire
to management (Duncan et al., 1992; Blokhuis et al., 2007; Lay et al., 2011; Zhao et al., 2015a,
b; Mench et al., 2016). Based on these outcomes, the enriched colony cage is the only cage
allowed for use in the European Union since January 2012 (European Commission, 1999).
Environmental enrichments improve the function of the immune system in lab animals (Arranz
et al., 2010) and laying hens (Matur et al., 2015). Laying hens have great motivation to perform
perching behaviors when they have access to perches (Olsson and Keeling, 2000; 2002).
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Installation of perches inside the cages fulfills natural roosting needs of laying hens. Perches also
can be modified to a cooling device (Hu et al, 2016) as chickens have a great ability to lose body
heat through their feet due to their efficient vascular system (Hillman and Scott, 1989). In broiler
chickens, although perches are not normally provided in their housing environments, water
chilled perches (CP) have positive effects on relieving the deleterious effect of HS and
improving performance and welfare status (Estevez et al., 2002; Zhao et al., 2012, 2013).
Our laboratory was the 1st to report on the effects of CP on the biological homeostasis of
laying hens. In an attempt to induce HS without causing mortality, these hens were subjected to a
4-h acute heating episodes of 33.5 oC during a very mild summer with an average temperature of
24 oC. The CP did not have a profound effect on immunological and physiological indicators
except for lower H/L ratio as compared to controls (Strong et al., 2015; Hu et al., 2016).
Therefore, in order to further evaluate if these cooling devices are effective in ameliorating HS,
our subsequent experiments with CP used higher ambient temperatures to induce HS than the
studies of Strong et al. (2015) and Hu et al. (2016). The objective of the present study was to
evaluate the physiological responses of laying hens exposed to a more severe HS for a longer
period of time than the previous experimental setting (Strong et al., 2015; Hu et al., 2016). We
hypothesized that providing water CP to laying hens would ameliorate their stress response to
elevated temperatures.

3.3
3.3.1

Materials and Methods
Birds, management, and treatments
Three-hundred and twenty-four female Hy-Line W-36 White Leghorns were housed in

36 cages with 9 chickens in each cage (stocking density of 439 cm2/hen) at the Purdue University
Poultry Research Farm from 17 to 80 wk of age from the grower house. There were 6 banks with
6 cages per bank. The pullets were assigned to 1 of 3 treatments with 2 banks per treatment. The
6 banks were randomly assigned to 1 of 3 treatments: cages with chilled water perches (CP),
ambient air perches (AP), or no perch (CTRL). Each treatment had 2 replicate banks, each bank
consisted of 3 deck levels with 2 cages per deck (12 cages per treatment). In the perch group,
each cage had 2 perches which were connected to form a continuous loop for each deck with a
perch space of 16.9 cm/hen. Each cage had feeder space of 8.4 cm/hen and 2 drip nipples (Hester
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et al., 2013). The protocol was approved by the Purdue University Animal Care and Use
Committee (PACUC# 1302000813).
Hens were subjected to daily cyclic elevated temperatures during 2 summer seasons.
Ambient temperature was increased to 34 to 36 oC daily from 0600 to 1800 and reduced to 26 to
30 oC after 1800 by turning off the central heaters. Hens were subjected to this daily cyclic
temperature regimen during 2 summers with the 1st heating episode occurring when the hens
were 21 to 35 wk of age, and the 2nd; from 73 to 80 wk of age (Figure 3.1). Evaporative cooling
pads were not used in the study. A negative pressure ventilation system was used for air
distribution. The hens were kept under normal temperature (21 to 22 oC) during other ages (17 to
20 and 36 to 72 wk of age).
For CP, pumps (model 006-B4-15 Cartridge Circulator, Taco Inc., Cranston, RI) were
used to circulate chilled water within the round galvanized metal perch pipes kindly provided by
Big Dutchman (Holland, MI, outside diameter 33.8 mm and inside diameter 28.5 mm). Pumps
were automatically turned on by a central controller when cage temperature reached 25 oC, and
chilled water started to circulate inside the perch (Gates et al., 2014; Xiong et al., 2015). Water
was chilled to approximately 10 oC and stored in an insulated water manifold by an independent
loop through a water chiller (model ER-101y, ELKAY Manufacturing Co., Oak Brook, IL).
Cage temperature and relative humidity were monitored by using HOBO loggers (model ZW007 for cages with perches and model ZW-003 for cages without perches, (Onset Computer Co.,
Bourne, MA) installed in each deck of the bank (see Chapter 2, Figure 2.1). Two temperature
sensors were installed in each perch loop of each deck to measure the supply and return water
temperatures. The temperature at the central point of the ambient air perch was also measured.
Each deck with CP was independently controlled by cage air temperature via sensors and pumps.
Room and cage temperatures and relative humidity data were measured and recorded with
HOBO data loggers at 1-min intervals throughout the entire experiment (Chapter 2, Figure 2.3).
3.3.2

Sample collection
A 5 ml blood sample was collected from the brachial vein of 2 randomly selected hens of

each cage on the last day of each cyclic heating episode, specifically at end of 35 and 80 wk of
age (Figure 3.1). The sample collection began at 1200 h or 6 h post-initiation of daily heat. To
minimize the effect of circadian variation on blood parameters, sample collection was purposely
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ordered so that a hen from each of the 3 treatments was bled before proceeding to hens in other
cages representing each of the 3 treatments. This ordering procedure was used until a total of 72
hens were bled. Blood samples were iced and later spun at 1,820 × g for 20 min at 4 oC. The
supernatant plasma was collected and stored at -80 oC until further analysis.
Rectal temperature was collected from 2 un-sampled hens per cage using a digital
thermometer on the same time with blood collection.
3.3.3

Packed cell volume (PCV) and heterophil to lymphocyte ratio (H/L)
Two heparinized glass capillary tubes were used to collect blood from the brachial

venipuncture of each sampled hen at 35 and 80 wk of age. The hematocrit tubes were centrifuged

I

at 16,800 × g for 15 min, and the proportion of the total volume making up the cells was
determined.
The H/L ratio was determined from 2 blood smears per hen. A thin layer of blood was
applied on the surface of glass slides and then air dried overnight. The slides were stained with
Wright’s staining solution. One-hundred cells, i.e., heterophil and lymphocytes, were
differentiated and counted for each slide using microscopy with 4,000 × magnification, i.e. 200
cells per hen. The H/L ratio was calculated as number of heterophil/number of lymphocytes.
3.3.4

Enzyme-linked immunosorbent assay (ELISA)
Plasma levels of interleukin (IL)-6 (Catalog#: MBS037319, MyBioSource, San Diego,

CA), IL-10 (Catalog #: MBS007312, MyBioSource, San Diego, CA) interferon (IFN)-Ƴ
(Catalog #: MBS025498, MyBioSource, San Diego, CA), immunoglobulin (Ig) Y (Catalog#:
E33-104, Bethyl, Montgomery, TX) and HSP 70 (Catalog#: MBS017726, MyBioSource, San
Diego, CA) were measured using commercially available ELISA kits following each
manufacturer’s protocol. Briefly, 50 µl of standards or samples were added to antibody precoated plates, 100 µl of horseradish peroxidase-conjugate reagent was added, and the plate was
incubated for 60 min at 37 oC. After incubation, the plate was washed and 50 µl of chromogen
solutions A and B were each added to each well. The plate was covered to prevent exposure to
light for 15 min at 37 oC. Following the addition of a stop solution, the optical density of each
sample was read at 450 nm (Epoch Microplate Spectrophotometer, BioTek, Winooski, VT). All
samples were measured in duplicates with CV ≤ 15%.
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3.3.5

Radioimmunoassay (RIA)
Commercially available I125 RIA kits were used to determine the plasma concentrations

of T3 (Catalog #: 06B-254216, MP Biomedicals, Solon, OH) and T4 (Catalog #: 06B-254030,
MP Biomedicals, Solon, OH) by following the company’s protocols. Briefly, 100 µl of T3
standards or plasma and 1 ml of T3 tracer were mixed and incubated in a water bath at 37 oC for
60 min. At the end of the incubation, all tubes were vacated and the radioactivity was counted in
sequence at 1 min per sample with a gamma counter (1470 Wizard Gamma Counter,
PerkinElmer, Waltham, MA). A similar procedure was used for T4 analysis except that the
counting time was 30 sec per sample. All samples were measured in duplicate with CV ≤ 15%.
3.3.6

Statistical analysis
Data from the randomized design were subjected to a one-way ANOVA using the

MIXED method of SAS 9.4 software (SAS Institute Inc., Cary, NC). Data collected from both
cyclic heating episodes were analyzed separately. Treatment was used as a fixed effect. Error
terms included hens within cages, cages within deck, and decks within bank. Transformation of
data was performed for normality when data were not homogeneous (Steel et al., 1997).
Statistical trend were similar for both transformed and untransformed data, thus untransformed
data were reported, and presented as least square means ± SEM. Tukey-Kramer was used to
partition the difference among treatments if there was significance (Steel et al., 1997).
Significant statistical differences were reported when P ≤ 0.05, and a trend was reported when
0.05 < P ≤ 0.10.

3.4

Results
At 35 wk of age, at the end of the 1st summer heating episode, hens with access to CP had

lower rectal temperature than both AP and CTRL (no perch) hens (P = 0.02, Table 3.1). The T3
and T3/T4 ratios were similar among treatments (P > 0.05, Table 3.2). The CP hens had lower
HSP 70 than CTRL hens but not AP (Table 3.2; P = 0.04). Plasma IL-10 tended to be lower in
hens with access to CP (Table 3.3; P = 0.08). Other measured parameters including PCV (P =
0.34), H/L ratio (P = 0.48), as well as plasma IgY (P = 0.86), IL-6 (P = 0.54), and IFN-Ƴ (P =
0.40) concentrations showed no differences among treatments (Tables 3.1 and 3.3).

104
At 80 wk of age, at the end of the 2nd summer heating episode, CP hens had lower rectal
temperature (P = 0.02) and H/L ratio (P = 0.01) compared to both AP and CTRL hens (Table
3.1). The PCV was higher in CP than AP but not CTRL hens (P = 0.02, Table 3.1). Hens with
access to CP had higher levels of plasma T3 (P = 0.002) and T3/T4 ratio (P = 0.0006) than
CTRL but not AP hens (Table 3.2). Plasma T4 level was not affected by treatment. Plasma HSP
70 level approached significance with the CP hens having the lowest level as compared to both
AP and CTRL hens (Table 3.2; P = 0.10). Similar to the results of the 1 st cyclic heating episode,
concentrations of plasma IgY (P = 0.51), IL-10 (P = 0.78), IL-6 (P = 0.78), and IFN-Ƴ (P =
0.43) were similar among treatments (Table 3.3).

3.5

Discussion
Thermally CP have beneficial effects on the physiological responses of laying hens to

daily cyclic heating episodes of 34 to 36 oC during the summer seasons. Chickens, as well as
other homoeothermic animals, are able to maintain consistent core body temperature through
behavioral and physiological adjustments during HS (Crompton et al., 1978; Simon et al., 1986;
Etches, 2008). If, however, more body heat accumulates than is emitted under conditions of
severe HS, hyperthermia sets in causing core body temperature to increase (Altan et al., 2000;
Chepete and Xin, 2000; Moran and Mendal, 2002; Etches et al., 2008). If hyperthermia persists
without relief from physiological and behavioral adaptations, internal systems malfunction and
inflammation, and heat shock occur (Atha, 2013; Salathe et al., 2015).
During HS, caged laying hens lose body heat mainly through evaporation, conduction,
and convection. The capability to lose heat in chickens is greatly compromised due to plumage
cover which is why evaporative heat loss through panting is a major means of heat loss in avians
as compared to use of epidermal sweat glands in other homeotherms (Gremillet et al., 2012;
McKechnie et al., 2017). When the ambient temperature climbs above the thermoneutral zone,
chickens will go through physiological and behavioral adjustments to minimize metabolic heat
production and maximize evaporative heat dissipation by panting. Conductive (e.g., transferring
heat from feet to cooler objects) and convective (e,g., lifting wings to expose skin to wind
currents) heat loss occurs during HS by exposing more non-insulated body areas to the
environment (Richards, 1971; Yahav et al., 2004; Etches et al., 2008).

105
Rectal temperature increases in laying hens and broiler chickens subjected to acute and
chronic HS (Chepete and Xin, 2000; Altan et al., 2003; Lin et al., 2006a; Yoshida et al., 2011).
Various physical cooling methods have been used to increase the efficiency of body heat loss.
For example, wetting the surface of laying hens by sprinklers reduces rectal temperature and
increases livability of laying hens under HS through enhanced heat loss due to water evaporation
and local cooling (Chepete and Xin, 2000; Wolfenson et al., 2001). Providing cooling equipment
improves the thermoregulatory capability of laying hens to better maintain body core
temperature within the normal range of physiological homeostasis. In the current study, lower
rectal temperature of hens with access to CP at the end of both cyclic heating episodes occurred
because of the increased conductive heat loss from the chicken’s body to the perches. Similarly,
lower rectal temperature was reported in broiler chickens provided CP compared with the
controls that had access to regular perches (Zhao et al., 2012).
The higher PCV, an indicator of hemoconcentration, observed in the CP as compared to
AP hens at 80 wk of age during the 2nd cyclic heating episode could be associated with the
unwillingness of these hens to leave the CP to access drinkers during the heating episode. In
other words, maintaining contact with the CP during HS may have been a higher priority than
drinking for the birds. A supportive example of this concept is that broiler chickens with access
to CP tended to drink less than controls with access to regular perches (Zhao et al., 2012). In
contrast to CP hens, AP hens sought additional means to cool themselves so they may have
drunk more water causing hemodilution. To support this hypothesis, results from our 1 st
investigation on CP where hens were subjected to a 4 h heating episode showed a greater
proportion of hens using the CP (64.2%) as compared to AP (48.3%) with similar perch usage
between the 2 treatments on thermoneutral days. Drinking behavior was not affected by
treatments during the acute heating episode. However, at another time point on a hot summer day
when 26.6 wk-old hens were experiencing an ambient temperature that exceeded 30 oC for a
longer period of time than 4 h, similar to the heating episode of our current study, drinking
behavior trends were as hypothesized (Hu et al., 2016). Specifically proportions of hens drinking
were 3.6b, 6.9a, and 5.4a,b % for CP, AP, and CTRL hens, respectively (SEM = 0.6, P = 0.03, Hu
et al., 2016). The PCV of 80 wk-old CRTL hens of the current study were intermediate in value
and did not differ from the other 2 treatments suggesting that they too had a strong desire to seek
water during HS in an attempt to cool themselves but did not access the drinkers as frequently as
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AP hens. Though H/L ratios and rectal temperatures (Table 3.1) indicate that the CTRL hens
were just as stressed as the AP hens at 80 wk of age, egg production was actually worse in CTRL
than AP hens at end of lay suggesting that they were more affected by the HS (Figure 2.5 of
Chapter 2). The fact that the CTRL hens at 80 wk of age had PCV that were intermediate
between the other 2 treatments may be due to some CTRL hens attempting to lower metabolic
heat by being less active. Therefore, some CTRL hens may not have accessed the drinkers as
frequently as the AP hens, whereas other CTRL hens, especially the more socially dominant
ones, monopolized the floor space close to the drip nipples and drank more water leading to an
intermediate average for PCV. Behavioral data will need to confirm if lower activity and limited
movement within the cage occurred during HS for CTRL hens as compared to AP hens at 80 wk
of age.
Another possibility for hemoconcentration of CP hens was that consumption of water was
not as great a physiological need for them as compared to AP and CTRL hens not only because
they were less stressed, but also because of less panting. Rapid, shallow breathing causes
evaporative extracellular water loss from the buccal cavity and upper trachea to the environment
(Darre and Harrison, 1987; Borges et al., 2004), most likely stimulating thirst. To support this
hypothesis, a delay in panting occurred in CP hens as compared to AP and CTRL hens during a 4
h heating episode in our 1st study (Hu et al., 2016). Previous studies without cooling reported a
definitive hemodilution in response to high ambient temperatures as compared to domestic fowl
in their thermoneutral zone as indicated by lowered erythrocyte count, PCV, and hemoglobin in
turkeys (Parker and Boone, 1971), broiler chickens (Borges et al., 2004), and slow growing
chicks (Attia et al., 2011). As broiler chickens were subjected to increasing ambient temperatures
of 15 oC, 25 oC, or 35 oC, a parallel concomitant decrease in PCV occurred (Yahav et al., 1997).
Therefore, HS chickens without cooling devices increase water intake to not only facilitate
cooling, but to also replace water loss from panting causing hemodilution.
Unlike the PCV response of 80-wk-old hens, PCV during the 1st heating episode was not
affected by treatments. Because the duration of the 1st cyclic heating episodes was twice as long
as the 1st heating episode (14 vs. 7 wk), the younger 35-wk-old hens may have adapted or were
able to cope with HS better than the older hens. The lack of an effect on the H/L ratio in response
to the 1st heating episode (Table 3.1) suggest that these younger hens were less stressed. Another
example of younger chickens coping better to HS is that egg production was less severely
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affected in the AP and CTRL hens as compared to CP hens during the 1st as compared to the 2nd
heating episode (Figures 2.4 and 2.5 of Chapter 2).
An additional example of younger hens coping better with HS is that thyroid hormones
were not affected by treatment in the 1st heating episode. In contrast, the 80 wk-old CTRL hens
as compared to CP hens lowered their metabolic rate in response to the 2nd heating episode with
AP hens intermediate in their thyroid response to HS (Table 3.2). The synthesis and secretion of
thyroid hormones, including both T3 and T4, are highly correlated with energy metabolism as
well as heat production and expenditure in birds and mammals (Collin et al., 2005; Joseph-Bravo
et al., 2015). Within a physiological range of mitochondria mass, mitochcytochrome content, and
respiratory rate, thyroid hormones are responsible for maintaining thermogenesis by regulating
the basal metabolism of protein, fat, carbohydrate, vitamins, and minerals (Collin et al., 2005;
Kim, 2008; Lin et al., 2008). Warm-blooded animals often respond to high ambient temperature
by reducing the synthesis and release of thyroid hormones (Silva, 2003), ultimately causing a
decrease in thyroid size (Huston and Carmon, 1962). When high ambient temperature causes
animals to gain heat from the environment, the secretion of thyroid hormones is depressed to
reduce body heat production (Brigmon et al., 1992; Collin et al., 2005; Tao et al., 2006; Chiang
et al., 2008; Wan et al., 2017). Plasma T3 concentration is positively correlated to feed intake
and weight gain in various species of poultry under constant high ambient temperature
conditions (Yahav et al., 1995; Yahav, 1999). Consistent results showing reduction of circulating
T3 concentration have been reported in chickens during HS, but results were inconsistent with
regard to plasma levels of T4 including no change (Klandorf et al., 1981; Sinurat et al., 1987) or
an increase (Moss and Balnave, 1978). In the current study, higher T3 levels combined with
higher feed intake (Figure 2.11 of Chapter 2) in the 80 wk-old CP hens during HS suggest better
ability to cope with the deleterious effects of elevated temperatures by maintaining relatively
high metabolic rate, especially as compared to CTRL hens. The conductive heat transfer from
hen’s feet (Hillman and Scott, 1989) and other body parts that came in contact with the thermally
CP helped hens to maintain more normal thyroid function as more heat was dissipated to the
environment.
Attenuation to HS in hens with access to CP was further substantiated by the lower
concentrations of plasma HSP 70 as compared to levels in CTRL hens with an intermediate
response for AP hens (Table 3.2). Smaller amounts of HSP were needed because of less
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denaturation and damage to thermally sensitive proteins as the CP protected the hens from the
deleterious effects of HS. The expression of HSP is closely correlated to the lack of
thermotolerance and the need for protection of proteins from stress-induced damage (Laszlo,
1988; Sun et al., 2017). Generally, HSP are synthesized rapidly following stress and accumulate
after cellular damage (Kregel, 2002). One of the most common is HSP 70 which assists with the
stabilization of newly synthesized protein and heat sensitive proteins, protecting them from
unfolding or denaturing during HS (Aufricht, 2005; Garrido et al., 2006, Daugaard et al., 2007;
Xie et al., 2014). As a biomarker, HSP 70 has been recognized as the most prominent protein for
evaluating an animal’s response to stressful events including HS (McKay, 1993; Yu et al., 2008;
Felver-Gant et al., 2012; Gaughan et al., 2013). Elevated levels of HSP 70 under HS conditions
has been reported in laying hens (Felver-Gant et al., 2012; Xie et al., 2014) and broilers chickens
(Yu et al., 2008). Yahav et al. (1997a) reported a positive correlation between HSP 70
concentration and the severity of HS, i.e. there was a higher expression of HSP 70 under severe
HS condition compared to milder HS. The lower concentrations of circulating HSP 70 of hens
with access to CP suggest that cells and tissues were less stressed in CP hens as compared to the
CTRL hens.
The H/L ratio is another indicator that 80 wk-old CP hens were less stressed than the AP
and CTRL hens at the end of the 2nd cyclic heating episode (Table 3.1). Similar results occurred
in our 1st study in which hens with access to CP had a lower H/L ratio when subjected to 2 acute
heat wave challenges during the summer months (Strong et al., 2016). Gross and Siegel (1983)
demonstrated that the H/L ratio is a reliable stress indicator in chickens. Various stressful events
cause an increase in heterophils or a decrease in lymphocytes or a combination of both
(Maxwell, 1993). Elevated H/L ratios have been reported in chickens following various stressors,
including thermal stress (Zulkifli, 2003; Cotter, 2015; Scanes, 2016). The H/L ratios are
continuously elevated during chronic stress even when stress hormones, such as corticosterone,
have recovered to the pre-stress baseline level, which means that the leukocyte response to stress
is more enduring (McFarlane et al., 1989; Shini et al., 2009).
Unlike HSP 70 and the H/L ratio which were lower in CP hens, plasma cytokines and
IgY levels were generally not affected by treatments (Table 3.3). Of the cytokines measured in
the current study, only IL-10 approached significance (P = 0. 08). The lower IL-10 at the end of
the 1st, but not the 2nd, heating episode provide some additional evidence that CP hens were less
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stressed. Interleukin-10, as one of the most important protective cytokines with antiinflammatory properties, upregulates during stress in order to suppress the production of
excessive inflammatory cytokines and inhibits antigen presentation in challenged animals (Lu et
al., 2004; Sabat et al., 2010; Shini et al., 2010). More specifically, IL-10 is upregulated in
response to stress-related hormones to prevent potential tissue damage due to “overshooting” of
pro-inflammatory cytokines (Elenkov and Chrousos, 1999; 2002). With respect to other
cytokines, HS upregulates plasma levels of IFN-Ƴ (Liang et al., 2016) and IL-6 in the bursa of
Fabricius (Chen et al., 2016) in broiler chickens exposed to an elevated temperature of 40 oC as
compared to controls. Similar elevation of cytokine levels of IL-6 and TNF-α occurs in piglets
(Webel et al., 1997) and humans (Starkie et al., 2005) exposed to HS. In poultry, chronic HS has
immunosuppressive effects that include decreased immune organ weights, immune function, and
disease tolerance as well as increased morbidity and mortality (Regnier and Kelley, 1981;
Bartlett and Smith, 2003; Mashaly et al., 2004; Shini et al., 2010). Because the circulating
cytokine responses to HS could be rapid and transient (Shah et al., 2002; Park et al., 2005; Welc
et al., 2013), measuring cytokines at 14 and 7 wk following the initiation of cyclic heating
episodes 1 and 2, respectively, may have been too late for finding treatment differences.
The lack of an effect on circulating IgY in response to HS among treatments was not
unexpected as hens were not challenged with antigen during the heating episodes. Though
chickens had been vaccinated as pullets before egg laying, any response to these challenges
would have dissipated before the heating episodes were initiated during egg laying. Similar
unchanged serum IgY level was found in broiler chickens exposed to HS of 35 oC (Calefi et al.,
2016). However, severe stress-induced inflammation could be associated with immunoglobulin
production reduction, especially with heat-related intestinal inflammation (Boyum et al., 1996;
Maes et al., 1997; Yamamoto et al., 2009).

3.6

Conclusions
The cooled perch system helped transferring heat from hens to the chilled water and

ameliorating their stress response to elevated temperatures as indicated by reduced H/L ratio at
the end of the 2nd heating episode. Because of the effectiveness of CP, hen core body
temperature was lower, their metabolism was higher as indicated by circulating T3 and its ratio
with T4, and the release of HSP 70 was minimized as denaturation of body protein was less
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problematic under conditions of HS. These physiological indicators suggest improved welfare
for hens with access to CP under conditions of HS.
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Table 3.1 The effect of cooled perches (CP) as compared to air perches (AP) and controls
(CTRL) with no perches on rectal temperature, packed cell volume (PCV), and heterophil to
lymphocyte (H/L) ratio of caged laying hens

Rectal
Item
temperature
Treatment
1st heating episode (35 wk of age)
CP
41.7b
AP
41.9a
CTRL
41.9a
SEM
0.10
1
n
24
P-value
0.02
nd
2 heating episode (80 wk of age)
CP
41.1b
AP
41.4a
CTRL
41.4a
n1
24
SEM
0.15
P-value
0.02
a,b

PCV

H/L Ratio

27.8
25.3
27.1
1.2
24
0.34

0.72
0.86
0.81
0.08
24
0.48

31.3a
29.4b
30.3ab
24
0.4
0.02

0.83b
1.20a
1.24a
24
0.08
0.01

Least squares means within a column for the 3 treatments lacking a common superscript differ
(P < 0.05).
1
Average number of observations per least squares means.
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Table 3.2 The effect of cooled perches (CP) as compared to air perches (AP) and controls
(CTRL) with no perches on plasma triiodothyronine (T3), thyroxine (T4), T3/T4 ratio, and heat
shock protein (HSP) 70 levels of caged laying hens

T3
(ng/dl)

T4
(µg/dl)

Item
Treatment
1st cyclic heating episode (35 wk of age)
CP
204
6.59
AP
218
6.84
CTRL
184
6.44
SEM
9
0.12
1
n
24
24
P-value
0.11
0.07
nd
2 heating episode (80 wk of age)
CP
288a
7.69
ab
AP
269
7.88
b
CTRL
245
7.74
SEM
12
0.17
1
n
24
24
P-value
0.48
0.002
a,b

T3/T4 ratio

HSP 70
(pg/ml)

0.031
0.031
0.029
0.003
24
0.13

224b
243ab
294a
20
24
0.04

0.038a
0.034ab
0.032b
0.001
24
0.0006

166
215
234
23
24
0.10

Least squares means within a column for the 3 treatments lacking a common superscript differ

(P < 0.05).
1

Average number of observations per least squares means.
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Table 3.3 The effect of cooled perches (CP) as compared to air perches (AP) and controls
(CTRL) with no perches on plasma immunoglobulin (Ig) Y, interleukin (IL)-10, IL-6, and
interferon (IFN)-Ƴ levels of caged laying hens

IgY
(ng/ml)

IL-10
(pg/ml)

Item
Treatment
1st heating episode (35 wk of age)
CP
342
49
AP
322
76
CTRL
340
62
SEM
28
8
1
n
24
24
P-value
0.86
0.08
nd
2 heating episode (80 wk of age)
CP
157
39
AP
168
43
CTRL
214
45
SEM
37
75
1
n
24
24
P-value
0.51
0.78
1

IL-6
(pg/ml)

IFN-Ƴ
(pg/ml)

33
40
34
4
24
0.54

66
88
72
12
24
0.40

29
25
25
4
24
0.78

59
48
48
7
24
0.43

Average number of observations per least squares means.
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17 21

wk of age

110

l st heat stress

1st sample collection

2 nd sample collection

Figure 3.1 Study design timeline of 2 cyclic heating episodes from 21 to 35 and 73 to 80 wk of
age and 2 sample collection time points.
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CHAPTER 4.
EFFECT OF COOLED PERCHES ON THE EFFICACY
OF AN INDUCED MOLT IN WHITE LEGHORN LAYING HENS
EXPOSED TO A CYCLIC HEATING EPISODE

4.1

Abstract

Induced molting is a management strategy used by the poultry industry to rejuvenate flocks at
end of lay due to deterioration in shell quality. Because many poultry farms are located in
tropical and subtropical regions, molt induced during elevated temperatures is unavoidable. We
examined the effect of the provision of water chilled perches to White Leghorns on the efficacy
of an induced molt during elevated temperatures. Caged Hy-Line W-36 hens, 82 wk of age
(n=288), were housed in 36 cages with 8 hens per cage. There were 6 banks of cages with 6
cages/bank. Each bank was assigned to 1 of 3 treatments: cooled perches (CP), air perches (AP),
and no perches (controls or CTRL). Chilled water (10 °C) circulated through the CP when cage
ambient temperature reached 25 °C. The hens were subjected to a 28 d nonfasted molting
regimen from 85 to 88 wk of age using free consumption of a diet containing 71% wheat
middling and 23% corn. Photoperiod was restricted to 8L/16D. During the entire molting period,
cyclic heat was applied daily at 32 oC from 0600 to 1800 h by using furnaces followed by
reduced temperature from 1800 to 0600 h by turning off the heaters. At the end of the molt
period, hens were returned to a regular layer diet, 16L/8D photoperiod, and kept in their
thermoneutral zone. Two birds per cage were marked and weighed on the day immediately
before and on 14 and 28 d post-molt to determine body weight (BW) loss. Egg production was
recorded daily. Feed utilization was measured during molt at 86 and 88 wk of age. Rectal
temperature and a blood sample for measurement of the heterophil/lymphocyte (H/L) ratio and
thyroid hormones were collected from 2 randomly selected unmarked birds on the last day of
molt. Egg weight and shell quality traits were determined pre-molt at 84 wk of age and post-molt
at 92, 96, and 104 wk of age under thermoneutrality. Plumage condition was scored at 26 wk
post-molt or 110 wk of age. Molting hens exposed to daily cyclic heat had higher feed usage (P
= 0.02) and greater BW loss (P = 0.02) if they had access to CP as compared to AP and CTRL
hens. Hens within their thermoneutral zone and with access to CP, as compared to the CTRL and
sometimes the AP hens, experienced an increase in egg production during the second cycle
beginning at approximately 10 wk post initiation of molt or 98 wk of age (PTrt × Age < 0.0001).
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The CP hens were able to sustain a higher rate of lay without detrimentally affecting shell traits
and egg weight. The CP hens had higher rectal temperature than CTRL hens but not AP (P =
0.01) at 28 d post-molt under conditions of cyclic daily heat with no differences in thyroid
hormones. Lower H/L ratio occurred in CP hens as compared to both AP and CTRL hens at 28 d
post-molt under conditions of cyclic daily heat (P = 0.01). The CP hens have improved breast
feather scores than AP hens (P = 0.05), but worse vent plumage condition than both AP and
CTRL hens (P = 0.02) at 26 wk post-molt. These results indicate that the provision of CP
assisted hens with better adaptation to the stresses of an induced molt during heat exposure,
resulting in improved post-molt egg production.

4.2

Introduction
Induced molt is a management practice used to rejuvenate the reproductive system of egg

laying flocks at the end of the lay. Molting brings the flock into a second cycle of lay with
improved egg shell quality. Historically, over 70% of the commercial flocks across the United
States and almost all flocks in California went through at least 1 molt in their life time to reduce
bird cost per dozen eggs and to meet market demands (Holt, 2003). More recently, because of
concerns of Salmonella enteritidis infection in hens and their environment, induced molting has
become less popular in the United States. However, when pullet shortages occur such as the
2015 avian influenza epidemic, induced molting was used as an effective intervention method to
avoid an interruption in the market supply of eggs. Approximately 80% of the uninfected flocks
were molted in 2015 as the consequence of the outbreak of avian influenza (Flock and Anderson,
2016).
A fasting molt with or without water removal successfully leads to egg production
cessation; however, this method has received extensive criticism because of poor hen welfare.
Stress, mainly due to hunger and related physiological damages in chickens, results in secretion
of stress hormones, impaired immune system, display of abnormal behaviors, and increased
Salmonella infection, which ultimately lead to high mortality and morbidity (Bell, 2003). To
avoid these negative impacts, more animal welfare friendly molting methods have been
developed and successfully applied that do not involve feed or water withdrawal. Since 2006,
only non-feed withdrawal molting programs are allowed for those egg firms participating in the
certified United Egg Producers husbandry welfare guidelines (United Egg Producers, 2017). A
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diet high in wheat middling has comparable post-molt egg performance as a fasting molt (Biggs
et al., 2003, 2004) with improved skeletal health (Mazzuco and Hester, 2005b) and less
Salmonella shedding (Seo et al., 2001).
Over the last 50 years, global climate change has escalated, which causes more hot days
and unexpected heat waves (Intergovernmental Panel on Climate Change, 2014).
Simultaneously, egg production is expanding in developing countries, especially in the tropical
and subtropical regions where heat could be a year round problem (Daghir, 2008). Traditional
molting with feed deprivation to induce reproductive system regression was considered to be a
stressful process; whereas the currently applied non-feed withdrawal molting is less deleterious
to the hen’s welfare. However, using low energy diets during molt may still have negative effects
on laying hens. For example, Koch et al. (2007) reported that non-feed withdrawal molted hens
could still experience hunger as indicated by increased feeding motivation. If the induced
molting process is taking place under high ambient temperatures, the combined effects of heat
and induced molting could be even more challenging for the birds in their attempt to return to
homeostasis. High ambient temperature causes appetite depression, body weight (BW) loss,
reproduction failure, impaired egg production and eggshell quality, and immunosuppression in
laying hens (Mashaly et al., 2004; Lin et al., 2006; Rozenboim et al., 2007; Etches et al., 2008).
On the other side, loss of feathers during molt provide hens with a thermoregulatory advantage
during heat stress (HS) to facilitate heat loss due to decreased feather insulation with more skin
exposure. We are aware of only 1 study (Sgavioli et al., 2011) that investigated the effects of an
induced molt during heat exposure on the productivity of caged hens. Specifically, Sgavioli et al.
(2011) evaluated 72-wk-old ISA Brown hens subjected to several non-fasting molting regimens
in comparison to those exposed to a fasting molt at an elevated temperature of 35 oC for 42 d.
During the second cycle of lay when heat was not applied, only a reduction in egg mass (g/d)
occurred in the molted hens exposed to 35 oC as compared to thermoneutrality (27 oC) with no
effect on other egg performance traits
Because of the deleterious effect of HS on laying hens, various cooling strategies, such as
dietary manipulation, genetic selection, and physical cooling, have been investigated and applied
in the egg industry. However, all of the currently available cooling methods have certain
disadvantages. For example, evaporative cooling could successfully decrease the room
temperature, but at the same time increased the house humidity which can lead to wet litter as
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well as increased bacteria and ammonia levels in the house (Chepete and Xin, 2000; Dawkins,
2004). Therefore, it is of great importance to find an alternative cooling method for laying hens.
The results collected from studies comparing different housing systems for laying hens
indicate that enriched colony cage is the optimal cage system for laying hens by evaluating
various aspects of animal health, production performance, behavior repertoire, welfare status,
and environmental impact (Tauson, 1984; Duncan et al., 1992; Blokhuis et al., 2007; Hester et
al., 2013; Zhao et al., 2015a, b; Mench et al., 2016). Based on these outcomes, enriched colony
cages are the only caging system allowed in the European Union since 2012 (European
Commission, 1999). Enriched colony cages provide laying hens with amenities given them more
space allowance, perches, a nest box, and scratch pads. The major advantages of perch
provisions in the enriched cages are fulfillment of natural roosting behavior and improved
musculoskeletal health by increased activities (Whitehead, 2004; Hester, 2014). Installation of
perches could also be modified to serve as a cooling device. Providing a cooling microclimate
has beneficial effects on an animal’s thermoregulatory capability under HS (Buffington et al.,
1983; Hooper and Richards, 1991; Silanikove, 2000). Adding a cooling feature to perches
through use of circulating chilled water inside the perch pipe has been successfully demonstrated
in broiler chickens as the negative effects of HS were ameliorated as evidenced by increased
livability, BW, feed efficiency, and improved foot condition compared to the control birds with
access to regular perches or no perch (Estevez et al., 2002; Zhao et al., 2012, 2013a).
Our goal was to examine the effects of water chilled perches on caged laying hens
subjected to an induced molt under a daily cyclic heating episode. Specifically, the objective was
to investigate if providing water chilled perches to the hens could alleviate the negative effects of
HS and improve molting efficiency and post-molt performance.

4.3
4.3.1

Materials and Methods
Birds, management, and treatment
A 29-wk trial was conducted from 82 to 110 wk of age using a total of 288 Hy-Line W-

36 White Leghorn hens. All hens had been through 2 daily cyclic heating episodes from 21 to 35
as well as from 73 to 80 wk of age (Figure 4.1). Each hen was examined for health status and
those not appropriate for molting were culled (e.g., emaciation, broken bones, or injured). The

130
hens were housed in 36 cages with 8 hens in each cage providing 494 cm2 of floor space per hen.
There were 6 banks randomly assigned to 1 of 3 treatments, cages with thermally cooled perches
(CP), cages with ambient air perches (AP), and controls with no perch (CTRL). There were 2
banks per treatment, and a bank consisted of 3 level decks with 2 cages per deck. There were 12
cages per treatment. Each hen had access to 19 cm of perch space and 9.5 cm feeder space with 2
drip nipples per cage. The protocol was approved by the Purdue University Animal Care and Use
Committee (PACUC# 1302000813).
Molt was initiated at 85 wk of age (Figure 4.1). The non-fasted molt included free access
to a molt diet of 71% wheat middlings and 23% corn (Table 4.1) and water (Biggs et al., 2004;
Mazzuco and Hester, 2005a) for 28 d (85 to 88 wk of age). A daily cyclic heating episode was
applied at the same time as the induced molt. The room was heated to 32 oC from 0600 to 1800 h
with reduced temperature after 1800 h by turning off the heaters. Evaporative cooling pads were
not used. Hens were ventilated using negative pressure. During molt, light was restricted to
8L/16D. At 29 d post-initiation of molting, hens were returned to a regular laying diet, 16L/8D
photoperiod, and thermoneutral condition until the end of the experiment (89 to 110 wk of age).
For CP, each cage had 2 perches which were connected together to form a continuous
loop for each deck. Chilled water circulated inside the metal perch pipes (Big Dutchman,
Holland, MI, outside diameter 33.8 mm and inside diameter 28.5 mm) using water pumps during
the daily heating episodes. The water pumps (model 006-B4-15 Cartridge Circulator, Taco, Inc.,
Cranston, RI) were regulated by a central controller. When cage temperature rose above 25 oC,
the pumps were automatically turned on, and chilled water circulated through the perch loop of
each individual deck (Gates et al., 2014; Xiong et al., 2015). Water was cooled to approximately
10 oC by an independent loop through a water chiller (model ER-101y, ELKAY Manufacturing
Co., Oak Brook, IL). To record cage temperature and relative humidity, HOBO loggers (model
ZW-007 for cages with perches and model ZW-003 for cages without perches (Onset Computer
Co., Bourne, MA) were installed on each deck of the bank (Figure 2.1 of Chapter 2). Two
temperature sensors were also installed in each CP loop of each deck to measure the supply and
return water temperatures. A single point for the ambient AP temperature was also recorded.
Each cage of the deck of the thermally CP treatment was independently controlled by cage air
temperature via sensors and pumps. The room and cage temperature and relative humidity data
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were recorded with HOBO data loggers at 1-min intervals throughout the entire experimental
period (Figure 2.3 of Chapter 2).
All hens were fed regular diets prior to the initiation of the induced molt. The laying diet
provided 18.30% CP, 2,890 kcal ME/kg, 4.2% Ca, and 0.30% non-phytate phosphorus, and the
molting diet consisted of 12.8% CP, 2,198 kcal ME/kg, 2.0% Ca, and 0.25% non-phytate
phosphorus (Table 4.1). Food and water were provided for ad libitum consumption.
4.3.2

Performance parameters
Eggs were collected and recorded daily. Weekly hen-day production was calculated as

the total number of eggs produced per cage/average number of live hens per cage × 100% from
89 to 110 wk of age. The day a cage of hens reach 50% egg production after molt was recorded.
The amount of feed used per cage was measured over a 7-d period at 86 and 88 wk of age. The
average daily feed usage per hen was calculated as total feed used (g)/7 days/number of live hens
(Hester et al., 2013). Mortality that occurred from 85 to 110 wk of age was recorded daily. Five
intact hard-shelled eggs were randomly collected from each cage during 2 consecutive days (60
eggs/treatment) at 1 wk pre-molt (84 wk of age) and 4, 8, and 16 wk post-molt (i.e., 92, 96, and
104 wk of age, respectively) under thermoneutral condition. Each egg was individually weighed,
and the shell measured for breaking force. Additional shell quality measurements included
proportion of eggshell and shell thickness (Klingensmith and Hester, 1985). The proportion of
eggshells was calculated as shell weight/egg weight × 100% (Klingensmith and Hester, 1985).
Two randomly selected hens from each cage were marked by different colored leg bands
for monitoring BW loss during molt. Hen BW was measured 1 day before the molt, 14 and 28 d
post-molt. Percentage of BW loss was calculated as (initial BW – 14 or 28 d BW)/initial BW ×
100%.
Rectal temperature was collected from 2 unmarked hens per cage using a digital
thermometer on 28 d post-molt. Plumage condition was measured in all hens when they were
110 wk of age or 22 wk post-molt. Hen feather score was determined at 5 different parts of the
body (breast, back, wings, vent, and tail areas) using a 4 point scoring system with 1 being the
worst condition (severe feather damage and loss) and 4 representing the best plumage (Tauson et
al., 2005).
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4.3.3

Radioimmunoassay (RIA)
A 5 ml blood sample was collected from each hen’s brachial vein, placed into an

ethylenediaminetetraacetic acid coated tube, and iced. Samples were collected from 2 hens per
cage at 28 d post-molt. The sample collection began at 1200 h or 6 h post-initiation of daily heat.
To minimize the effect of circadian variation on blood parameters, sample collection was
purposely ordered so that a hen from each of the 3 treatments was bled before proceeding to hens
in other cages representing each of the 3 treatments. This ordering procedure was used until a
total of 72 hens were bled. The blood samples were spun at 1,820 × g for 20 min at 4 oC. The
supernatant plasma was collected and stored at -80 oC until further analysis.
Commercially available I125 RIA kits were used for determining plasma levels of T3
(Catalog # 06B-254216, MP Biomedicals, Solon, OH) and T4 (Catalog # 06B-254030, MP
Biomedicals, Solon, OH) using the manufacturer’s protocols. Briefly, 100 µl of T3 standard or
plasma sample were mixed with 1 ml of T3 tracer and incubated at 37 oC for 60 min. Following
incubation, tubes were decanted, and the radioactivity was counted in sequence for 1 min per
tube with a gamma counter (1470 Wizard Gamma Counter, Perkin Elmer, Waltham, MA).
Similarly, 25 µl of T4 standard or plasma sample were mixed with 1 ml of T4 tracer and
incubated at room temperature for 60 min. After incubation, the samples were counted for 30 sec
per sample using a gamma counter. All samples were tested and analyzed in duplicates with CV
≤ 15%.
4.3.4

Heterophil to lymphocyte ratio (H/L ratio)
The heterophil to lymphocyte ratio was determined from 2 blood smears per hen at 28 d

post-molt. A thin layer of blood was applied on the surface of the slides and air dried. The slides
were stained with Wright’s staining solution (Fisher Scientific, Hampton, NH). One-hundred
heterophil and lymphocytes were counted for each slide using microscopy with 4,000 ×
magnification (200 cells per hen). The H/L ratio was calculated as number of heterophils/number
of lymphocytes.
4.3.5

Statistical analysis
Data from the randomized block design were analyzed using ANOVA with the MIXED

method of SAS 9.4 software (SAS Institute, Inc., Cary, NC). Repeated measures were used for
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egg production and weight, shell quality, and feed utilization. Treatment and age of the hens
were considered as fixed effects. The bank of cages was the experimental unit. Each of the 3
decks within a bank was a sub-sample. Each of the 2 cages within a deck was a sub-sub-sample.
Error terms included hens within cages, cages within deck, decks within bank, and banks within
treatments. Pooling of error terms occurred when P > 0.25. A one-way ANOVA was used for the
remaining parameters. If data lacked homogenous variances, BOXCOX was used for
transformation and the data reanalyze (Box and Cox, 1964; Steel et al., 1997). Egg production
data were arcsine square root transformed. The original untransformed results were reported
because statistical trends for both transformed and untransformed data were similar. TukeyKramer was used to partition differences among means due to significant treatment effect in the
one-way ANOVA (Steel et al., 1997). The SLICE option was used for the 2-way interaction of
treatment and age (Winer et al., 1991). Significant statistical differences were reported when P ≤
0.05, and a trend was reported when 0.05 < P ≤ 0.10.

4.4

Results
The non-fasted induced molt procedure implemented during conditions of daily cyclic

heat was successful in ceasing egg production (Figure 4.2). Quick cessation of lay was noted in
all treatments by 3 d post-molt. Hen-day egg production was less than 9% throughout molt with
no effect of perch treatment on cessation of lay during the 28 d molting period that included
daily cyclic heat.
Hens, now in their thermoneutral zone, reached 50% egg production during the 2nd
laying cycle at the same age with no differences among treatments (P = 0.49, Table 4.2).
However, during peak and post-peak production, hens under thermoneutral conditions with
access to CP frequently had increased egg production as compared to CTRL and sometimes AP
hens, especially after 104 wk of age when hens were approaching the end of the second cycle of
lay (treatment × age interaction, P < 0.0001, Table 4.2 and Figure 4.3).
Under conditions of thermoneutrality, the overall main effects for egg weight, shell
breaking force, and shell thickness were not affected by perch treatment (Table 4.2). Over the
age of the hens, treatment response for egg weight was inconsistent. The AP hens laid heavier
eggs at 92 wk of age than CTRL but not CP hens with no effect due to treatment at other ages
(treatment × age interaction, P = 0.01; Table 4.2 and Figure 4.4). The proportion of eggshell
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relative to egg was higher in the eggs from both CP and CTRL hens than AP (P = 0.03; Table
4.2).
Three CRTL hens died during the experiment (2 during molt and 1 post-molt) with no
mortalities in the perch treatments. Under conditions of daily cyclic heat, the CP hens consumed
more feed during molt than both AP and CTRL hens (P = 0.02, Table 4.3). No difference was
found in pre-, 14 and 28 d post- molt BW (Table 4.3). Under conditions of daily cyclic heat,
the % BW loss during molt was higher in CP hens than CTRL with intermediate BW loss for the
AP hens at 14 d (P = 0.05) and 28 d post-molt (P = 0.02, Table 4.3). The CP hens had higher
rectal temperature than CTRL but not AP hens (P = 0.01) at 28 d post-molt (Table 4.3).
At end of molt, hens with access to CP had lower H/L ratios than both AP and CTRL
hens after 28 d of daily cyclic heat exposure (P = 0.01; Table 4.4). Plasma concentrations of T3
(P = 0.53) and T4 (P = 0.82) as well as T3/T4 ratio (P = 0.71) were similar among the 3
treatments at 28 d post-molt during heat exposure (Table 4.4).
Breast feather scores were better (P = 0.02) in CP than AP hens, but vent feather scores
were worse in CP hens than both AP and CTRL (P = 0.003; Figure 4.5). Tail feather tended to
improve in CP hens (P = 0.10; Figure 4.5). The other plumage areas of the wing and back were
not affected by treatment.

4.5

Discussion
Little information is available on the effects of combining an induced molt with elevated

temperatures on laying hen performance and physiology. Both molting (Berry, 2003; Webster,
2003) and hot weather (Mashaly et al., 2004) are considered to be stressors and implementing
them together at the same time proved to have long-term detrimental effects on CTRL and AP
hens as indicated by post-molt egg production, especially as hens approached the end of the
second cycle of lay. Intervening with CP access caused hens subjected to molt and heat to outperform hens without a cooling mechanism (Figure 4.3). Given that the hens were in their
thermoneutral zone during the second cycle of lay, the effect was profound and had long-term
implications as hen-day egg production was about 10% higher in CP as compared to CTRL and
AP hens after 104 wk of age (Figure 4.3). The lack of an effect on post-molt egg production as
hen were molted under elevated temperature as compared to molted hens under thermoneutrality
in the study of Sgavioli et al. (2011) was most likely due to the age of the hen when the stressors
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were applied. The brown hybrid hens were 13 wk younger when molting and heat was initiated
as compared to this study, perhaps allowing them to cope better with the stressors.
The CP hens were able to sustain a higher rate of lay without detrimentally affecting shell
traits (Table 4.2) and egg weight (Figure 4.4). Under thermoneutral conditions, the shell quality
of eggs did not differ among treatments during the second cycle of lay (breaking force and shell
thickness, Table 4.2). The exception was the lower proportion of shell in eggs from AP hens as
compared to the shells of eggs laid by CP and CTRL hens (Table 4.2). Similarly, in the first
cycle of lay when hens were in their thermoneutral zone, little differences in shell quality
occurred. Only occasional sporadic differences in shell quality occurred among treatments under
thermoneutral conditions (e.g., note the lower % shell at 32 wk of age for AP hens, but later a
higher % shell for AP hens at 64 wk of age, Figure 2.9 of Chapter 2). These inconsistent effects
of perch treatment on proportion of shell over the age of the hen during the first cycle of lay
could be due to the relationship of shell deposition with egg size. Hens deposit the same quantity
of shell each time an egg is formed even when laying larger eggs. The greater surface area of a
larger egg results in a thinner shell (Roland, 1979), which could lower the proportion of shell.
Hens with access to AP laid larger eggs at 92 wk of age (Figure 4.3) perhaps causing the
decrease in proportion of shell at this age, but egg weight at the other ages (84, 96, and 104 wk
of age) were not affected by treatment, yet proportion of shell was still lower for AP hens.
Collectively for both cycles of lay, our results suggest that CP are most effective in improving
shell quality traits when HS is applied.
There are likely multiple, complex reasons for the superb post-molt egg laying
performance of CP hens. First and foremost, the CP hens got off to a better start during molt by
losing more weight than CTRL hens with an intermediate response for AP hens (Table 4.3). It is
suspected that CP hens experienced faster and greater ovarian regression during molt, as the CP
hens had higher BW loss at 14 d and 28 d post-molt. Cessation of lay could be used as an
indicator of ovarian regression, but because egg production was so low after the 3rd d of the
molt, differences among treatments could not be statistically detected (Figure 4.2). In addition,
necropsies were not performed during molt to verify reproductive tract regression, as we wanted
to keep all hens for collection of data during the second cycle of lay.
Besides ovarian weights and cessation of lay, another indicator used to assess molting
efficiency is BW loss (Brake and Thaxton, 1979; Sherry et al., 1980). Approximately, 25% of
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total BW loss is well linked to the regression of adipose tissue and the reproductive tract with a
fasting molt (Baker et al., 1983; Andrews et al., 1987). Previous studies using feed withdrawal in
combination with photoperiod restriction found optimum post-molt egg production when BW
loss ranged from 25 to 30% (Brake and Thaxton, 1979). If BW loss was too low, poorer postmolt performance occurred or if BW loss was too great, mortality would ensue (Baker et al.,
1983; Bell, 2003). Compared to a fasting molt, a non-feed withdrawal molting program causes
less BW loss (approximately 20%) in hens due to free access to a molting diet. Our current study
met these expectations on BW loss if CP or AP were provided to the hens, but not for the CTRL
hens (Table 4.3). Even though the CTRL hens used less feed, their weight loss was only 13.3%,
most likely due to lack of ovarian regression. The BW losses in hens with access to CP and AP
are similar to the results of Biggs et al. (2004) and Mazzuco and Hester (2005b) using the same
molting diet, but their experiments were conducted under conditions of thermoneutrality. In these
latter 2 studies, laying hens with approximatly 18% BW loss had comparable post-molt
performance as fasting molted hens. Daily cyclic heat during a non-fasted molt should suppress
appetite and thus reduce BW (Etches et al., 2008) unless interventions are introduced such as CP
as it is well known that high ambient temperatures depress appetite of laying hens resulting in
lowered BW (Mashaly et al., 2004; Charmandari et al., 2005; Ciftci et al., 2005). Our results on
feed usage of CP hens during molt showed that this cooling mechanism was effective in
counteracting the deleterious effects of HS by stimulating appetite. The higher feed usage of
hens with access to CP during molt under cyclic heat is in agreement with our previous finding
of CP hens during 2 daily cyclic heat episodes that were implemented during the first cycle of
lay (Figure 2.11 of Chapter 2). The higher BW loss together with higher feed usage observed in
the current experiment in the CP hens could be indicative of adequate regression of the
reproductive tract, and at the same time suggests improved thermotolerance as evidenced by
increased feed usage. It is hypothesized that the nutrients obtained from increased food usage by
CP hens were being partitioned to other physiological systems besides the reproductive tract
allowing for a fit hen to begin her second cycle of lay. Greater feed utilization observed in hens
with access to CP during the molting period perhaps improved body reserve of nutrients like
calcium and protein, allowing for improved egg laying performance during the second cycle. As
reported by de Andrade et al. (1977), feeding a high nutrient density diet to hens subjected to HS
increased egg production.
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Besides responding favorably to molt as demonstrated through appropriate BW loss,
access to CP during molt under conditions of daily cyclic heat may have improved second cycle
egg laying by preventing permanent damage to the intestinal lining. It is well known that HS has
deleterious effects on intestinal integrity (Lambert, 2009; Deng et al., 2012; Pearce et al., 2013;
Kvidera et al., 2017). Heat stress induced intestinal barrier dysfunction lead to increased gut
permeability with higher incidence of hypoxia, endotoxemia, and inflammation (Lambert, 2009;
Hall et al., 2001). Installation of CP could attenuate the impact of HS on the absorptive capacity
and digestive function of the gastrointestinal tract, thus contributing to greater egg production
during the second cycle of lay.
In addition to the possibility of improved intestinal integrity, the likelihood exists that CP
hens had increased availability of nutrients for egg formation during the second cycle of lay
because of sustained production of sex steroids. It is well known that estrogen upregulates the
calcium-regulating proteins causing an increase in calcium uptake within the duodenum and
transport across the absorptive epithelial cells into the circulation (Johnson, 1986; Etches, 1987;
Beck and Hansen, 2004). Estrogen is also needed for calcium transport from the blood to the
uterus for shell formation (Hansen et al., 2003; Beck and Hansen, 2004). Heat stress suppresses
plasma levels of the sex steroid hormones of estradiol 17β, progesterone, and testosterone in
laying hens (Rozenboim et al., 2004; 2007). As it is suspect that a more complete ovarian arrest
occurred during molt for the CP hens as compared to CTRL and AP hens under conditions of
cyclic heat, these hens were able to sustain output of ovarian hormones for a longer period of
time during the second cycle of lay. Supportive evidence for this hypothesis is demonstrated by
the lack of difference in egg laying during the second cycle of lay among treatments as they
approached peak lay (89 to 93 wk of age, Figure 4.3). However, at peak (94 wk of age) and postpeak (98 wk of age and older), the CTRL and AP hens were no longer able to sustain as high as
level of egg laying as the CP hens. The persistent lack luster performance of the AP and CTRL
hens as compared to the CP hens for most of the egg laying cycle could have been caused by the
inability of their ovaries to synthesize and release sufficient levels of sex steroids. Therefore,
providing a cooling device to hens while undergoing molt under conditions of daily cyclic heat
most likely allowed for sufficient ovarian arrest. Ultimately, this led to improved ovarian
function post-molt through sustained production of sex steroids contributing to greater egg
production during the second cycle of lay for CP hens.
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The CP hens were less stressed as indicated by lower H/L ratio as compared to AP and
CTRL hens at the end of molt under conditions of cyclic heat (Table 4.4), which substantiates
our previous results with the same CP design (Strong et al., 2015; Table 3.1 of Chapter 3).
Increasing numbers of circulating heterophils and decreasing lymphocytes result in elevated H/L
ratio, which has traditionally been used as a reliable indicator of stress in chickens subjected to
different stressors (Gross and Siegel, 1983, 1986; Zulkifli and Siegel, 1994). As examples,
elevated H/L ratio occurred in both laying hens (Mashaly et al., 2004) and broilers (McFarlane
and Curtis, 1989) expose to high ambient temperature. Molt using feed withdrawal often leads to
psychogenic influences on H/L ratios (Davis et al., 2000). Hens subjected to feed withdrawal
molt have elevated H/L ratios (Wolford and Ringer, 1962; Gross and Siegel, 1983; Zulkifli et al.,
1995). Hens molted with alternative diets also have higher H/L ratio than non-molted controls
but lower than in hens with complete feed removal (Zulkifli et al., 1995; Berry, 2003).
Lymphopenia is directly related to stress-associated overexpression of corticosterone
(Gross and Siegel, 1983; Maxwell, 1993; Shini et al., 2008). Excessive corticosterone also
disrupts reproductive function by decreasing the synthesis of yolk precurors by the liver needed
for follicular development of the ovary (Wang et al., 2013). The more stressed CTRL and AP
hens, as compared to CP hens, may have caused them to release corticosterone from the adrenal
gland on a daily basis as elevating temperature peaked by mid-day, at least initially before
adaptation to the novel stressor of induced molting occurred. Although animals are able to
acclimate to repeated stresses, such as the heating episodes that these hens were exposed to (21
to 35, 73 to 80, and 85 to 88 wk of age), a novel stressor, such as molt, could enhance
corticosterone release (Romero, 2004; Bhatnagar et al., 2006). Increased release of
corticosterone from the adrenal into the circulation redirects critical nutrients to organs and
physiological systems needed for survival such as the cardiovascular and respiratory systems
denying the reproductive tract of vital energy nutrients such as glucose (Wingfield and Sapolsky,
2003). The secretion of this catabolic hormone could have had long-term repercussions on
reproductive performance due to quick diminishment of yolk precursors (Wang et al., 2013). The
wane in egg laying observed in CTRL and AP hens after 98 wk of lay (Figure 4.3) suggests
diminishing supply of yolk precursors.
To cope with HS, chickens reduce their output of thyroid hormones so as to reduce body
heat production during hot weather (Tao et al., 2006; Wan et al., 2017). However, during a molt,
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adequate amounts of thyroid hormones are necessary for some passerine birds to molt
(Merryman and Buckles, 1998), as they stimulate new feather growth (Brake et al., 1979;
Hoshino et al., 1988; Otsuka et al., 1998; Decuypere et al., 2005; Dawson, 2015). In fact,
exogenous administration of T4 induces a molt in chickens causing old feathers to drop as they
are being replaced by new feather growth (Sekimoto et al., 1987; Bass et al., 2007). Therefore,
hens of the current study are in a dilemma whereby they need thyroid hormones for feather
replacement during molt, yet they also need to lower their metabolism to reduce heat output by
reducing thyroid hormone secretion. In the first cycle of lay when non-molting hens were 80 wk
of age and exposed to HS, the CP were effective in increasing thyroid activity as compared to
CTRL hens (Table 3.2 of Chapter 3). However, in the current study under conditions of molt and
daily cyclic heat, the CP were ineffective in increasing thyroid activity (Table 4.4) at the end of
molt. Our hypothesis was that the CP hens, as compared to AP and CTRL hens, would have
lowered body core temperature allowing for increased thyroid activity during daily cyclic heat,
thus stimulating metabolism and feather growth. Our results perplexingly showed no effect of CP
on thyroid activity. Perhaps more measurements should have been taken during molt to follow
trends rather than just 1 time point of measurement at 28 d molt (Table 4.4).
More perplexing than the thyroid hormone response was the increase in rectal
temperature of molting hens with access to CP subjected to daily cyclic heat as compared to
CTRL hens (Table 4.3). Unlike the current study, non-molting CP hens during the first cycle of
lay had lower rectal temperature at the end of both cyclic heating episodes (35 and 80 wk of age)
as compared to CRTL and AP hens (Table 3.1 of Chapter 3). Hens in their 1st cycle of lay that
were using CP during elevated temperatures allowed for the conductive transfer of body heat to
the chilled water pipes that they came in contact with, thus keeping body temperature lower than
the other 2 treatments. Apparently, the induced molt under conditions of daily cyclic heat was
causing other dynamic physiological changes to occur. For example, if plumage coverage was
greater for CP hens due to faster feather replacement during molt as compared to AP and CTRL
hens, this newly formed insulating layer could have interfered with the dissipation of body heat.
Plumage condition was not evaluated during molt, but this measurement was made at the end of
the study. At 22 wk post-molt when the hens were 110 wk of age, the CP hens had improved
breast feather condition than AP (Figure 4.5), which could perhaps provide some evidence for
accelerated feather replacement in the CP hens. If feather replacement was slower in the AP and
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CTRL hens, more of their skin was exposed to the ambient air allowing for effective heat loss
through vasodilation of superficial blood vessels, thus lowering core body temperature as
compared to the better-feathered hens with access to the CP. Hens with access to CP and AP
during the first cycle of lay had poorer breast feather scores than CTRL hens (Figure 2.13 of
Chapter 2). More exposed skin of the CP hens while sitting on the perch would have allowed for
more effective heat transfer, thus lowering rectal temperature. Quantitatively, higher surface
temperature has been detected by an infrared camera in laying hens with reduced feather
coverage suggesting the pooling of warmed blood to the skin’s surface for purposes of heat
transfer to the environment (Zhao et al., 2013b). Genetic selection for partial feather loss or
curled feathers help birds dissipate more heat to the environment and thus increase their
thermotolerance ability in hot weather (Eberhart and Washburn, 1993; Lin et al., 2006).
As another possibility, the increased usage of the high fiber wheat middling molting diet
by CP hens as compared to CTRL and AP hens (Table 4.3) may have caused rectal temperature
to rise. Digestive breakdown of complex nutrients to simple metabolites for intestinal absorption
and enhanced liver metabolism during and immediately following feeding produces metabolic
heat (Jorgensen et al., 1996). The generation of metabolic heat from digestive activity may have
been more than the heat that was expelled through the CP leading to an increase in rectal
temperature. The non-molting hens of Chapter 2 were consuming a lower fiber laying hen diet
that may have not generated as much metabolic heat during digestion. If there was less metabolic
heat produced because of diet differences, the CP were more effective in lowering rectal
temperature during the first cycle of lay.

4.6

Conclusions
Provision of CP ameliorated the stressful effects of induced molt under conditions of

daily cyclic heat. During the second cycle of lay when hens were under thermoneutral
conditions, the CP hens were able to sustain a higher rate of lay without detrimentally affecting
shell traits and egg weight. Hen-day egg production was about 10% higher in CP as compared to
CTRL and AP hens from 104 to 110 wk of age. The second cycle egg laying performance and
the stress indicator of H/L ratio suggest that the CP system was an effective cooling method for
caged laying hens to improve the efficacy of molting under conditions of HS.
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Table 4.1 Composition of the wheat-middling molt and egg laying diet.

Molt Diet1
23.00
—
71.39
0.10
4.96

Ingredients (%)
Ground yellow corn (6.12% CP)
Dehulled soybean meal (47.5%)
Standard wheat midds
Dicalcium phosphate
Limestone, ground
Soybean oil
Sodium chloride
Vitamin-mineral premix2
DL-Met
Mold inhibitor
Antioxidant
Total
Calculated nutrient composition
ME, kcal/kg
CP, %
Lys, %

Egg laying diet
54.27
29.54

—
0.30

—
0.83
10.42
3.91
0.41

0.25

0.35

—
—
—
100.0

0.19
0.05
0.03
100.0

2,198
12.83
0.55

2,890
18.30
1.01

0.19
0.46
2.00
0.25

0.48
0.79
4.20
0.30

Met, %
Met + Cys, %
Ca, %
Non-phytate P, %
1

Diet composition from Biggs et al. (2004).

2

Akey laying hen vitamin premix provided per kilogram of laying hen diet: vitamin A, 12,320

IU; vitamin D3, 4,620 IU; vitamin E, 15.4 IU; vitamin K, 3.08 mg; riboflavin, 6.16 mg; niacin
46.2 mg; vitamin B12, 23.1 µg; pantothenic acid, 15.4 mg; folic acid, 0.31 mg; choline, 401 mg;
iron, 50.4 mg; copper, 7.0 mg; manganese, 90 mg; zinc, 71 mg; iodine, 0.7 mg; selenium, 0.25
mg.
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Table 4.2 The effect of cooled perches (CP) as compared to air perches (AP) and controls (CTRL) with no perches on egg production
performance and shell traits of caged laying hens housed under thermoneutral conditions during the second cycle of lay.

Item
Treatment

50% Egg
production
(d)

Hen-day egg
production1
(%)

Egg
weight2
(g)

Breaking
force2
(N)

Proportion of
eggshell2
(%)

Shell thickness2
(mm)

CP

48.8

59.3

69.9

34.3

8.62a

0.347

AP

48.2

54.4

69.7

33.2

8.32b

0.341

CTRL

47.6

51.4

69.3

35.4

8.67a

0.350

0.7

2.8

0.5

1.2

0.09

0.001

SEM
n3

12

264

240

240

240

240

P-value
P Trt

0.49

P Age

-

< 0.0001

< 0.0001

P Trt×Age

-

< 0.0001

0.01

a,b

0.29

0.66

0.45
< 0.0001
0.50

0.03

0.09

0.04

0.04

0.61

0.60

Least squares means within a column for the 3 treatments lacking a common superscript differ (P < 0.05).

1

Values within a column represent the least squares means averaged over 22 wk of egg production (89 to 110 wk of age).

2

Values within a column represent the least squares means of 5 eggs per cage averaged over 4 ages of 84 (1 wk pre-molt), 92, 96, and

104 wk (4, 8, and 16 wk post-molt).
3

Average number of observations per least squares mean.
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Table 4.3 The effect of cooled perches (CP) as compared to air perches (AP) and controls (CTRL) with no perches on body weight
(BW), feed utilization, and rectal temperature during molt in caged laying hens exposed to daily cyclic heat during the entire molt
period.

Item
Treatment

Initial BW
(kg)

14-d BW
(kg)

28-d BW
(kg)

14-d BW loss1 28-d BW loss1 Feed utilization2 Rectal temperature3
(%)
(%)
(g/hen/d)
( oC)

CP

1.58

1.32

1.25

16.1a

22.0a

58.6a

41.9a

AP

1.60

1.35

1.27

15.4ab

19.8ab

52.6b

41.8ab

CTRL

1.57

1.38

1.35

12.1a

13.3b

53.7b

41.6b

0.05

0.03

0.04

1.2

2.2

1.5

SEM
n4

24

24

24

24

24

24

0.12
24

P-value
P Trt

0.94

P Age

-

-

-

< 0.0001

-

P Trt×Age

-

-

-

0.25

-

a,b

0.66

0.11

0.05

0.02

0.02

0.01

Least squares means within a column for the 3 treatments lacking a common superscript differ (P < 0.05).

1

Percentage of BW loss was calculated as (initial BW – 14 or 28 d BW)/initial BW × 100% of 2 focal birds per cage.

2

Values within a column represent the least squares means averaged over 2 times at 86 an 88 wk of age during the molt and while hens

were exposed to daily cyclic heat.
3

Rectal temperature was determined on 2 focal birds per cage at 28 d post-molt when hens were exposed to daily cyclic heat.

4

Average number of observations per least squares mean.
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Table 4.4 The effect of cooled perches (CP) as compared to air perches (AP) and controls
(CTRL) with no perches on plasma triiodothyronine (T3), thyroxine (T4), T3/T4 ratio, and
heterophil to lymphocyte (H/L) ratio at 28 d post-molt in caged laying hens exposed to daily
cyclic heat during the entire molt period.

Item
Treatment

T4
( µg/dl )

T3/T4
ratio

H/L
ratio

CP

223

4.81

0.048

0.91b

AP

213

4.84

0.047

1.62a

CTRL

230

4.70

0.051

1.38a

SEM

10

0.17

0.003

0.08

n1

24

P-value
a,b
1

T3
(ng/ml)

0.53

24
0.82

24
0.71

24
0.01

Least squares means within a column for the 3 treatments lacking a common superscript differ (P < 0.05).

Average number of observations per least squares mean.
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wk of age
1st heat stress

Thermoneutrality 110

2nd heat stress molt+heat

Figure 4.1 Study design timeline of 2 cyclic heating episodes from 21 to 35 and 73 to 80 wk of
age and induced molt under cyclic heat from 85 to 88 wk of age.
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Figure 4.2 Daily hen-day egg production of 288 laying hens
Daily hen-day egg production of 288 laying hens (□ = control or CTRL, ● = cooled perch or CP,
▲= air perch or AP) during molt and daily cyclic heat. Values represent the least squares means
± SEM.

147

a

70
~

~
...._

--- ---

60

'

b

b

i::
0

·--u 50

~

',,2--~--- -.L

.L

b

b

b

b
b
C

=
'"d
0 40

b

I-<

0..

~ 30

'"d
I

i::

--D-- CTRL
- - - CP
---¼-AP

(l)

::r:: 20
10
0
~

C)l::I

C)'-

C)'\,

C),,,

C)l),.

C)~

C)b

C)'\

C)'b

C)C)

1::11::l

1::1"

I::\'\,

1::1"'

' "' ' ' '
Age (wk)

1::1'>-

I::\~

1::11:,

1::1"

1::1'b

l::IC)

-...1::1

' ' ' ' ' "

Figure 4.3 Post-molt weekly hen-day egg production of 288 laying hens
Post-molt weekly hen-day egg production of 288 laying hens (□ = control or CTRL, ● = cooled
perch or CP, ▲= air perch or AP) in their second cycle of lay (89 to 110 wk of age) housed
under thermoneutral conditions. Values represent the least squares means ± SEM. a-c Within an
age, least square means ± SEM with no common letter are different (treatment × age interaction,
P < 0.0001).
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Figure 4.4 Egg weight (g) of White Leghorns submitted to 1 of 3 treatments
Egg weight (g) of White Leghorns submitted to 1 of 3 treatments (□ = control or CTRL, ● =
cooled perch or CP, ▲= air perch or AP) at 84 (1 wk pre-molt), 92, 96 and 104 wk of age (4, 8,
and 16 wk after molt). Hens were in their thermoneutral zone at all ages of measurement. a,b
Within an age, least squares means ± SEM with no common letter are significantly different
(treatment × age interaction, P = 0.01). Means represent 5 eggs collected from each cage for a
total of 12 cages for each age and treatment.
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Figure 4.5 The effect of cooled perch (CP) as compared to air perch (AP) and controls (CTRL)
on the feather scores of the wing, back, breast, vent, and tail of caged White Leghorn hens at 110
wk of age (22 wk after molt).
Scores for feather condition ranged from 1 to 4, with 4 representing non-damaged feather and 1
indicative of severe damage. Values represent the least squares means ± SEM. Within a region of
the hen’s body, scores lacking a common letter (a, b) differ (P ≤ 0.05), and scores with an
asterisk (*) tended to differ (0.5 < P ≤ 0.10).
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CHAPTERS.
EFFECT OF COOLED PERCHES ON
MUSCULOSKELETAL HEALTH AND PHYSIOLOGY OF CAGED
LAYING HENS EXPOSED TO CYCLIC HEATING EPISODES AND
AN INDUCED MOLT

5.1

Abstract

Induced molting is a common management practice for extending the productive life of
commercial flocks. Numerous egg companies are located in tropical or subtropical regions where
heat is a year round problem. Flocks undergoing a molt during heat may suffer dire
consequences as they attempt to cope with stress. We assessed the effects of provision of waterchilled perches on musculoskeletal health and physiological parameters of White Leghorns
molted during elevated temperatures. Caged Hy-Line W-36 hens, 82 wk of age (n=288), were
randomly assigned to 36 cages with 8 hens per cage. There were 6 banks with 6 cages per bank.
Each bank was assigned to 1 of 3 treatments: cooled perches (CP), air perches (AP), and no
perches (controls or CTRL). Chilled water (10 °C) was circulated through the CP when cage
ambient temperature reached 25 °C. Hens were previously subjected to 2 cyclic heating episodes
from 21 to 35 and 73 to 80 wk of age. From 85 to 88 wk of age, hens were subjected to a 28 d
nonfasted molting regime with free consumption of a diet containing 71% wheat middling and
23% corn in combination with a photoperiod restriction of 8L/16D. Hens were exposed to a daily
cyclic heating episode during molt. Ambient temperature was increased to 32 oC from 0600 to
1800 h and was reduced from 1800 to 0600 h by turning off the heaters. When hens were 110 wk
of age, body weight (BW) was measured, hens were euthanized, and the left leg, left wing, and
breast were collected from all hens. Musculoskeletal health was assessed by measuring muscle
weights, bone mineralization, and keel bone fracture and deviation. The liver, spleen, and
hypothalamus were collected from 2 randomly selected hens per cage, the liver and spleen
weighed, and tissues frozen for later analysis. Immune parameters of the spleen, interleukin (IL)1β, IL-6, and toll like receptor (TLR)-4, as well as hepatic heat shock protein (HSP)-70 were
measured. Concentrations of catecholaminergic and serotonergic monoamines were determined
in the hypothalamus. Results indicated that the AP hens weighed less than the CTRL but not CP
hens (P = 0.004). Relative breast (P = 0.01), left drum (P = 0.0001), and total left leg (P = 0.003)
muscle weights were higher in both CP and AP hens than the CTRL hens. Compare to the CTRL
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hens, bone mineral density (BMD) of the humerus (P = 0.02) and phalange (P = 0.001) was
improved, and the ulna (P = 0.09) and radius (P = 0.06) tended to be greater in both the CP and
AP hens. However, the BMD of leg bones and keel and the bone mineral content (BMC) of all
bones as well as keel bone fracture and deviation were similar among treatments. The gross liver
weight was heavier in the CP hens compared to the AP but not CTRL hens (P = 0.03). The CP
hens tended to have higher gross spleen weight (P = 0.06) when compared to AP and CTRL
hens. Relative spleen weight (P = 0.02) in CP hens was higher than CTRL hens but not AP hens.
The mRNA expressions of splenetic IL-1β, IL-6, and TLR-4 as well as hepatic HSP-70 were not
affected by treatment. The homovanillic acid/dopamine ratio, an indicator of dopamine turnover,
was lower in both perch treatments as compared to CTRL hens. These results indicate that the
differences among treatments were mainly due to the perch rather than the cooling of the perch
as most of the responses of CP and AP hens were similar. Perches, regardless of whether they
were cooled or not, caused greater muscle deposition and wing bone mineralization as well as
lower dopamine turnover. Intervening with CP access, however, did prevent the heat- and moltinduced reduction in absolute liver and spleen weights as compared to AP hens. It is, therefore,
concluded that with the exception of absolute liver and spleen weights, CP as compared to AP
did not affect musculoskeletal health or the immunological and neurophysiological traits of hens
22 wk after the completion of the molt and heat exposure.

5.2

Introduction
Induced molt is a common management practice of the poultry industry used to

rejuvenate egg laying flocks. Post-molt, laying hens enter a second reproductive cycle with
improved shell quality (Bell, 2003). Induced molting using prolonged feed withdrawal has
deleterious effects on bone mineralization mainly due to a deficiency of dietary calcium
(Newman and Leeson, 1999; Mazzuco and Hester, 2005a). Hens molted with free access to
molting diets (non-feed withdrawal induced molting) exhibit less deleterious effects on bone
integrity (Mazzuco et al., 2005; Mazzuco and Hester, 2005a, b; Kim et al., 2008). For example, a
high wheat middling diet has been successfully applied in laying hens to induce molt with
comparable post-molt performance and improved bone integrity as compared to hens subjected
to a fasted molt (Mazzuco and Hester, 2005b). However, non-feed withdrawal molt is still
considered a stressor that affects the immune system and possibly could alter neurotransmitter
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synthesis and release in laying hens. Immunosuppression, for example, occurs in hens subjected
to non-feed withdrawal molt (Webster, 2003; Mazzuco et al., 2011; Ayasi et al., 2016). Brain
neurotransmitters, such as norepinephrine (NEP) and dopamine (DA), are involved in regulating
the stress response and reproduction (Snider and Kuchel, 1983; Contijoch et al., 1992; Wu et al.,
1997; Talalaenko et al., 2001).
Heat stress (HS) is a year round problem for egg laying flocks located in tropical and
subtropical areas. Laying hens exposed to elevated temperatures exhibit poorer reproductive
performance as well as impaired skeletal integrity (Miller and Sunde, 1975; Scott and Balnave,
1988; Etches et al., 2008). Stress-induced elevation of various hormones, including
glucocorticoids and catecholamines, is associated with bone loss (Elefteriou and Karsenty, 2004;
Jia et al., 2006; Temiz and Erol, 2008; Teitelbaum, 2015). A spontaneous reduction in feed
consumption in HS laying hens limits dietary intake of critical nutrients like calcium and protein
causing a deterioration in bone and muscle traits (Lin et al., 2006; Etches et al., 2008). High
temperature negatively affects bone weight, ash, and strength in laying hens (Miller and Sunde,
1975; Scott and Balnave, 1988). In addition, increased blood pH due to excessive panting
decreases circulating calcium in the blood during HS (Etches et al., 2008). Heat stress impairs
duodenal calcium uptake in laying hens (Ebeid et al., 2012) and reduces the calcium-binding
protein (calbindin) in the intestine (Hansen et al., 2004; Franco-Jimenez and Beck, 2007; Ebeid
et al., 2012). Excessive heat is associated with physiological stress responses, including
immunosuppression and altered protein expressions and brain monoamines (Yang and Lin, 1999;
Xiao et al., 2007; Kim et al., 2013). Neurotransmitters, such as NEP, DA, and serotonin (5-HT),
are altered in different brain regions of various animals, including poultry, exposed to extreme
ambient temperature (Ahmed, 2005; Felver-Gant et al., 2012; Kim et al., 2013; Chauhan et al.,
2017).
The enriched colony cage system furnished with perches, a nest box, and scratch pads is
the preferred housing system based on hen health and welfare, egg production parameters, and
environmental impact (Blokhuis et al., 2007; Zhao et al., 2015a, b; Mench et al., 2016). Perches
installed inside the cages not only meet the hen’s behavioral desire to roost but also improve
their skeletal integrity mainly by increasing activity (Abrahamsson and Tauson, 1997; Hester,
2005; Jendral et al., 2008; Tactacan et al., 2009; Hester et al., 2013a). In addition, perches in
enriched cages could be modified as a cooling device to improve hen thermal comfort. Broiler
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chickens with access to water chilled perches have higher growth performance and welfare status
compared to the controls with access to regular perch or no perch (Pettit-Riley and Estevez,
2001; Estevez et al., 2002; Zhao et al., 2012, 2013).
Little information is available on the musculoskeletal health and neurophysiology of
caged laying hens given access to water chilled perches. In our first experiment conducted during
summer (Strong et al., 2015; Hu et al., 2016), we examined the effects of chilled perches on the
bone integrity and organ weights of laying hens. Through the use of auxiliary heaters, hens were
subjected to a 4-h heating episodes of 32 to 34.6 oC when they were 27.6 wk of age. Otherwise,
the summer in which our first study was conducted proved to be mild as ambient temperature
averaged 24 oC. As a result of the mild conditions and brevity of the single applied heating
episode, the musculoskeletal health (Hester et al., 2014) as well as the liver and spleen weights
(Strong et al., 2015) of 32 wk-old hens were not affected by cooled perch (CP) access as
compared to controls. Therefore, in order to evaluate the effectiveness of this cooling device
under more stressful conditions, the hens in the current study were subjected simultaneously to
the stressors of daily cyclic heat and an induced molt. Therefore, the objective of the current
study was to investigate the effects of water chilled perches in caged laying hens undergoing a
molt and exposed to daily cyclic heat on musculoskeletal health, organ weights, brain
monoamines, and expressions of splenetic cytokines and hepatic HSP-70. We hypothesized that
providing thermally CP to molting hens subjected to daily cyclic heat would ameliorate the
detrimental effects of HS leading to improved musculoskeletal and physiological traits.

5.3
5.3.1

Materials and Methods
Birds, management, and perch design
A 29-wk trial was conducted from 82 to 110 wk of age using a total of 288 Hy-Line W-

36 White Leghorn hens. All hens had gone through 2 previous daily cyclic heating episodes of
35 oC from 21 to 35 and 73 to 80 wk of age (Figure 5.1). The hens were housed in 36 cages with
a colony size of 8 hens per cage. There were 6 banks randomly assigned to 1 of 3 treatments:
cages with thermally cooled perches (CP), cages with ambient air perches (AP), and controls
with no perch (CTRL). There were 2 banks per treatment, and a bank consisted of 3 level decks
with 2 cages per deck. There were 12 cages per treatment. Each cage provided 2 nipple drinkers,
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494 cm2 of floor space per hen, and 9.5 cm feeder space per hen. For the cages with perches,
each hen had access to 19 cm of perch space. The protocol was approved by the Purdue
University Animal Care and Use Committee (PACUC# 1302000813).
The non-feed withdrawal molt was induced when hens were 85 to 88 wk of age by
providing access to a diet containing 71% wheat middling and 23% corn for 28 d (Biggs et al.,
2003, 2004; Mazzuco and Hester, 2005b; Figure 5.1). Photoperiod was restricted to 8L/16D
during the molt. Daily cyclic heat was applied simultaneously with the induced molt. For each
day of the molt, ambient temperature was elevated to 32 oC from 0600 to 1800 h using auxiliary
heat. A return to normal temperatures began after 1800 h by turning off the heaters. At 29 d postmolt initiation, hens were returned to a layer ration, a 16L/8D photoperiod, and thermoneutality
up to 110 wk of age.
Each cage with perches had 2 round galvanized perches (Big Dutchman, Holland, MI),
which were connected to form a continuous loop for each deck. Water pumps (Taco Inc.,
Cranston, RI) were coordinated by a central controller. When cage temperature rose above 25 oC,
the pumps automatically turned on and chilled water circulated inside the CP (Gates et al., 2014;
Xiong et al., 2015). Water was cooled to approximately 10 oC by an independent loop through a
water chiller (ELKAY Manufacturing Co., Oak Brook, IL) and a water manifold. To record cage
temperature and relative humidity, HOBO loggers (model ZW-007 for cages with perches and
model ZW-003 for cages without perches from the Onset Computer Co., Bourne, MA) were
installed on each deck of the bank (Figure 2.1 of Chapter 2). Two thermal sensors were also
installed in each CP loop on each deck to measure the supply and return water temperatures, and
a single point for the ambient AP was also measured (Figure 2.3 of Chapter 2). Each deck of CP
was independently controlled by the cage ambient temperature via the sensors and pumps. Cage
and room temperatures as well as relative humidity were recorded with HOBO data loggers at 1min intervals throughout the entire experimental period.
5.3.2

Sample collection
Samples were collected when the hens were 110 wk of age or 22 wk post-molt. To

minimize any effect of circadian variation on samples, hens were ordered in such a manner that a
hen from each of the 3 treatments was sampled before proceeding to hens in other cages
representing each of the 3 treatments. On the 1st day of collection, 2 hens were randomly taken
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from each cage and sedated with sodium pentobarbital (30 mg of pentobarbital/kg of BW) via
the brachial vein. Sedated hens were weighed and euthanized via cervical dislocation. The liver,
spleen, hypothalamus, breast, and the left wing, thigh, and drum were collected from each hen.
The liver and spleen were weighed. The breast and the left wing, thigh, and drum were placed in
a sealed plastic bag, labeled, and frozen at -20 oC for later analysis of muscle deposition and
bone mineralization. An approximate 1 cm3 of tissue was collected from the same location of
segment VIII of the right liver lobe and placed on dry ice. Similarly, a small piece of spleen at
the same location for each sample was collected and placed on dry ice. Relative organ weights
were calculated as g of organ weight/kg of BW. On the following 2 days, remaining hens were
subjected to the same sampling procedure except that the liver, spleen, and hypothalamus were
not collected.Bone traits and muscle deposition.
5.3.3

Bone traits and muscle deposition
Carcass parts were removed from the freezer and thawed. The left humerus, ulna, radius,

wing phalange (III carpometacarpal), femur, and tibia with muscles, skin, and feathers intact
were scanned using dual-energy X-ray absorptiometry (Norland Medical Systems, Inc., Fort
Atkinson, WI) to determine bone mineral density (BMD) and bone mineral content (BMC,
Hester et al., 2013a). After scanning, feathers and skin were removed from the drum, thigh, and
breast. Muscle that included tendons of each sample was collected and weighed, and muscle
weight was expressed relative to each individual BW. Unlike other bones, the keel was scanned
without feathers, skin, and muscle so as to ensure that each keel was oriented in the same manner
during scanning. Following scanning, the keel was examined for fresh and old fractures. Keel
deviation was also scored using a 1 to 4 point system, with 1 being the most deviated and 4
representing a straight, normal keel (Tauson et al., 1984; Hester et al., 2013a).
5.3.4

Monoamines
The hypothalamic monoamines of NEP, epinephrine (EP), and DA as well as their

metabolites or precursors of 3, 4-dihydroxyphenylacetic acid (DOPAC), homovanillic acid
(HVA), tryptophan (TRP), 5-HT, 5-hydroxyindoleacetic acid (5-HIAA) were analyzed using
high performance liquid chromatography (UltiMateTM 3000 RSLCnano System, Thermo Fisher
Scientific Inc., Waltham, MA). Each hypothalamus was weighed and homogenized in ice-cold
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0.2 M perchloric acid (PCA) at a 10:1 ratio, e.g., 1 mg sample with 10 µl PCA. Homogenized
samples were centrifuged at 18,187 × g for 15 min at 4 oC. The supernatant of each sample was
transferred to a new tube and mixed with the same volume of mobile phase (Catalog #:
NC0351268, Thermo Fisher Scientific Inc., Waltham, MA). The mixture was vortexed for 1 min
and centrifuged at 18,187 × g for 10 min at 4 oC. The supernatant was drawn and filtered through
a 0.2 µm polyvinylidene fluoride filter into a sample vial. The mobile phase flow rate was 0.8
ml/min, and the cell potentials were set at 0 mV, 225 mV, and 550 mV. Each sample was tested
twice at 10 µl per injection. Each monoamine concentration was calculated according to its
corresponding standard.
5.3.5

Hepatic HSP-70 and splenetic cytokine expressions
The mRNA expressions of HSP-70 in the liver and IL-1β, IL-6, and TLR4 in the spleen

were detected by real-time quantitative polymerase chain reaction (PCR) using primers and
probes presented in Table 5.1. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used
as a housekeeping gene for all the unknown targeted genes. The RNA was extracted from liver
and spleen samples using RNeasy Mini Kit (Catalog #: 74104, Qiagen, Valencia, CA) and
quantified using the GeneQuantTM 100 Spectrophotometer (GE Healthcare, Little Chalfont, UK).
The RNA samples were adjusted with RNase-free water (Ambion Inc., Austin, TX) to make a
final concentration of 100 ng/µl. A mixture of reverse transcription reagents was made (2.5 µl
multi-scribe reverse transcriptase, 22 µl of 25 mM magnesium chloride, 5 µl random hexamers,
2 µl RNase inhibitor, 20 µl deoxy nucleotides, and 10 µl of TaqMan reverse transcription buffer)
and 61.5 µl of the mixture were added to each sample (Catalog #: N8080234, Applied
Biosystems, Foster City, CA). The RNA samples were reverse transcribed by Techne TC-3000G
PCR Thermal Cycler (Bibby Scientific Limited, Stone UK) to cDNA. The PCR reaction mixture
contained 2.5 µl of the cDNA sample, 1.625 µl of the gene-specific probe, 2.25 µl of the gene
specific forward and reverse primers each, 3.875 µl of RNase-free water and 12.5 µl of the PCR
Master Mix (Catalog #: 4304437, Applied Biosystems, Foster City, CA) for a total of 25 µl. The
cDNA amplification was done using StepOnePlusTM System (Applied Biosystems, Foster City,
CA). The PCR cycling conditions were 50 oC for 2 min and 95 oC for 10 min for the holding
stage, followed by 40 cycles of 95 oC for 15 s and 60 oC for 1 min each. Results were quantified
by standard curve method (Applied Biosystems Guide, 2004). Samples were tested in duplicates.
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Standards were measured in triplicates using the cDNA sample with the lowest cycle threshold
value.
5.3.6

Statistical analysis
Data from the randomized design were subjected to a one-way ANOVA using the

MIXED method of SAS 9.4 software (SAS Institute Inc., Cary, NC). Treatment was considered a
fixed effect. The bank of cages was the experimental unit. Each of the 3 decks within a bank was
a sub-sample. Each of the 2 cages within a deck was a sub-sub-sample. Error terms included
hens within cages, cages within deck, decks within bank, and banks within treatments. Body
weight was used as a covariate for gross organ weights, muscle weight, and bone mineralization
(Winer et al., 1991). Transformation of data was performed for normality when data were not
homogeneous (Steel et al., 1997). Statistical trend were similar for both transformed and
untransformed data, thus untransformed data were reported, and presented as least square means
± SEM. Tukey-Kramer test was used to partition differences among treatments when there was a
significance (Steel et al., 1997). Statistical difference was reported when P ≤ 0.05, and a trend
was reported when 0.05 < P ≤ 0.10.

5.4

Results
The BW was lower in AP hens as compared to CTRL, but not CP hens (P = 0.004, Table

5.2). The relative breast (P = 0.01), relative left drum (P = 0.0001), and relative left thigh + drum
(P = 0.003) weighed more in hens with access to CP and AP than the CTRL hens (Table 5.2).
The absolute weights of the left drum and total left thigh + drum tended to be greater in CP hens
as compared to the other 2 treatments (P = 0.10, Table 5.2).
The BMD was higher in the humerus (P = 0.02) and phalange (P = 0.001) of the CP and
AP hens compared to the CTRL hens (Table 5.3). The ulna (P = 0.09) and radius (P = 0.06)
approached significance with the same pattern (Table 5.3). However, BMD of the keel (P =
0.71), femur (P = 0.46), and tibia (P = 0.29) were similar among treatments. The BMC of all
measured bones showed no difference (Table 5.3). The proportion of hens with keel bone
fractures was high in all treatments (> 85%) with no treatment difference (P = 0.89, Table 5.4),
and all fractures were old. Similarly, there were no treatment effects on keel deviation score (P =
0.53, Table 5.4).
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The absolute weight of the liver was greater in the CP as compared to AP hens but not
CTRL (P = 0.03) with no differences among treatments in relative liver weight (P = 0.89, Table
5.5). The CP hens tended to have higher gross spleen weight (P = 0.06) when compared to AP
and CTRL hens. Relative spleen weight (P = 0.02) in CP hens was higher than CTRL hens but
not AP hens (Table 5.5). The mRNA expressions of splenetic IL-1β (P = 0.43), IL-6 (P = 0.16),
and TLR-4 (P = 0.34) as well as hepatic HSP-70 (P = 0.88) were not affected by treatment
(Table 5.6).
Hens with access to CP had lower DA turnover as indicated by lower ratios of
hypothalamic DOPAC/DA (P = 0.007) and HVA+DOPAC/DA (P = 0.01) than CTRL hens, but
not AP hens. Both CP and AP hens had a lower HVA/DA ratio than CTRL hens (P = 0.02).
Other measured neurotransmitters in the hypothalamus were similar among the 3 treatments
(Table 5.7).

5.5

Discussion
Providing hens with access to CP as compared to AP did not affect musculoskeletal

health or immunological and neurophysiological traits 22 wk after the application of HS and the
completion of the molt. Any differences among treatments were mainly due to the perch rather
than the cooling of the perch as the responses of CP and AP hens were similar. Perches,
regardless of whether they were cooled or not, caused greater relative muscle deposition (Table
5.2), wing bone mineralization (Table 5.3), and lower DA turnover (HVA/DA, Table 5.7) as
compared to CTRL. Only absolute liver and spleen weights (P =0.06) were greater in CP as
compared to AP hens (Table 5.5).
The lower BW of AP as compared to CTRL hens at the end of the second cyle of lay
(Table 5.2) is in agreement with previous studies on first cycle caged hens given access to noncooling perches under thermoneutral conditions (Tauson, 1984; Braastad, 1990; Glatz and
Barnett, 1996; Hester et al., 2013b). The higher level of activity associated with jumping on and
off the AP most likely contributed to their lower BW as lower abdominal fat pad weights have
been reported in 71-wk-old hens who had access to non-cooling perches as compared to hens
with no perches (Jiang et al., 2014). However, it is important to point out that the CTRL
treatment experienced 3 mortalities (2 during the molt and 1 post-molt), all of them occurring in
different cages. Therefore, during the second cycle of lay under thermoneutral conditions there
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were 9 of the 12 CTRL cages that provided hens with more floor and feeder space on a per hen
basis creating less competition at the feeder and, therefore, the opportunity for CTRL hens to put
on more weight.
If increased exercise contributed to the lower BW for AP hens, then a similar reduction in
BW would be expected for CP hen, but their response was intermediate as BW did not differ
from the other 2 treatments. Feed utilization cannot explain the differences in BW among
treatments, as post-molt feed usage was similar (CP= 118.1g, AP= 112.9g, CTRL= 118.7g,
SEM=2.2, Ptrt= 0.18). However, the profound difference in egg production at end of lay among
the 3 treatments could offer explanation to the differences in BW at 110 wk of age. Hen-day egg
production was 64% in CP hens as compared to 50% in AP and 48% in CTRL hens at 110 wk of
age (Figure 4.3 of Chapter 4). Even though the CP hens during thermoneutrality may have
exercised more by jumping on and off the perch causing more muscle (Table 5.2) and perhaps
less fat deposition (Jiang et al., 2014), more of the CP hens were laying eggs, so their
reproductive tracts were most likely heavier countering the reduction in BW due to exercise and
contributing to the intermediate response in BW.
Even though hens of the current experiment were subjected to 3 daily cyclic heating
episodes at 21 to 35, 73 to 80, and 85 to 88 wk of age, the CP were ineffective in increasing
muscle deposition over AP hens 22 wk after the last heat exposure. In meat-type fowl, elevated
temperatures reduced muscle yields in turkeys (Jankowski et al., 2015) and broiler chickens (Ain
Baziz et al., 1996; Lu et al., 2007) when compared to thermoneutral controls. Reduced basal
metabolic rate and physical activities under heat simulation could possibly lead to enhanced
fatness. For example, broiler chickens reared under HS had decreased breast muscle but
increased abdominal fat pads as compared to controls housed in their thermoneutral zone (Ain
Baziz et al., 1996; Lu et al., 2007). The lack of difference among treatments in metabolic rate at
28 d post-molt at the end of HS (see thyroid hormones of Table 4.4 of Chapter 4) and feed usage
post-molt under thermoneutral conditions provide additional evidence that the perch, and not the
cooling of the perch, was causing the increase in the proportions of relative breast and leg
muscles.
The increase in the relative muscle deposition of the left leg of 110 wk-old hens given
access to CP and AP (Table 5.2) is in agreement with previous studies with pullets provided with
metal non-cooling perches, similar to the AP of the current study (Enneking et al., 2012; Hester
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et al., 2013a). The 110 wk-old CP and AP hens of the current experiment were provided with
perches during pullet rearing; whereas CTRL pullets never had access to perches. Unlike the
current study where there was no treatment effect on absolute muscle weights, Hester et al.
(2013b) reported that caged laying hens at the end of the first cycle of lay with access to metal
perches (no cooling) as compared to no perch showed a decrease in absolute breast, left thigh,
and left drum muscle weights. However, because the hens with perches weighed less (Hester et
al., 2013b), the differences between treatments dissipated when muscles were expressed relative
to BW. Casey-Trott et al. (2017) reported an increase in breast and wing, but not leg, muscles in
aviary pullets with perches as compared to those housed in conventional cages without perches at
16 wk of age. The increase in relative muscle weights in both perch treatments at the end of the
second cycle of lay of the current study is likely attributed to increased load bearing exercise and
wing flapping, which stimulates muscle deposition in various species of animals including
chickens (Marchant and Broom, 1996; Hester et al., 2013a; LaVigne et al., 2015; Casey-Trott et
al., 2017).
The increase in BMD of the wing bones of CP and AP hens as compared to CTRL hens
at 110 wk of age (Table 5.3) was attributed to wing flapping as hens balance themselves when
jumping on and off perches. These results are in agreement with other studies using non-cooling
perches (Tauson and Abrahamsson, 1994; Leyendecker et al., 2005; Barnett et al., 2009; Hester
et al., 2013a) including aviaries (Casey-Trott et al., 2017) under thermoneutral conditions. It was
somewhat surprising that the BMD of the femur and keel did not respond in a similar manner as
the wing bones to perch presence as previous studies have reported that non-cooling perches
increased the integrity of these bones (Jendral et al., 2008; Hester et al., 2013a). Hens decrease
their activity to reduce metabolic heat when exposed to high temperatures. The lowering of
activity as a result of heat exposure may have prevented the anticipated perch induced
improvement in femur and keel mineralization. In addition to wing flapping, hens spread their
wings during heat exposure, which may have contributed in part to the exercise-induced
improvement in wing bone mineralization. The tibia of the current experiment did not respond to
perch treatment, which is similar to other reports (Appleby et al., 1992; Hughes et al., 1993;
Leyendecker et al., 2005; Hester et al., 2013a). Perch height in the cages of the current study was
8.9 cm from the cage floor. It is suspect that the low elevation of the perch in this and other
studies did not require the hens to jump high enough to cause an improvement in leg bone
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mineralization (Hester et al., 2013a), but wing activity, including flapping, was sufficient to
affect BMD.
Keel fractures are commonly prevalent in egg laying flocks and are a huge welfare issue
because they cause pain (Nasr et al., 2012). Previous reports have shown keel fracture incidence
to range from 23% to 96% in the first cycle of lay under thermoneutral conditions as a result of
perch presence (Sandilands et al., 2009; LeBlanc et al., 2016). Fractures of the keel may occur
when the hen’s breast bumps the perch during mounting. Increasing pressure load on the keel
when chickens rest on perches, especially at night, causes it to curve or deviate (Vits et al., 2005;
Stratmann et al., 2015). There was a concern that the increase use of CP during heat exposure
(Makagon et al., 2015) would cause a greater incidence of keel bone fractures and poorer
deviation scores, but these trends did not occur, as there was no treatment effect (Table 5.4).
Unlike the current study, non-cooling metal perches, similar to the AP of the current study,
installed in cages caused a higher incidence of broken keels in 71 wk-old White Leghorns as
compared to CTRL hens with no perches (92 vs. 83%, respectively, SEM=2, P = 0.009). Keel
assessment was measured at the end of the first cycle of lay under thermoneutral conditions.
Most keel fractures were old (Hester et al., 2013a), similar to this study. In the study of Hester et
al. (2013a), keel deviation scores were also poorer for hens with access to perches as compared
to CTRL hens. The daily cyclic heating episodes that hens were exposed to in the current study
may have caused the lack of influence of perch presence on keel traits. Hens during HS lower
their activity to reduce metabolic heat; the decrease in movement during periods of elevated
temperature could result in less bumping of the keel onto the metal perch. For reasons of thermal
comfort, the CP hens may also have had less desire to leave the perch during HS. In addition, HS
hens may spend more time standing than sitting on perches so as to be more effective in losing
heat to the environment. Even with the possibility of less movement during the actual time that
temperatures were elevated, the fracture incidence was still considered to be high, similar to the
incidence reported in first cycle laying hens (Hester et al., 2013a), which was not unexpected as
these hens were 39 wk older. The age related decline in skeletal integrity is well documented in
laying hens (Whitehead, 2004).
Exposing hens simultaneously to a molt and daily cyclic heat from 85 to 88 wk of age
had a long-term detrimental effect on the absolute liver weight of AP hens with an intermediate
response for CTRL hens. Intervening with CP access prevented the heat- and molt-induced
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reduction in absolute liver weight (Table 5.5). Heat stress caused liver weight to decrease in
laying hens (Felver-Gant et al., 2012) perhaps due to blood redistribution. Following exposure to
elevated temperatures, animals distribute more blood to the skin’s surface in order to increase the
efficiency of heat release to the environment. Concomitantly, a decrease in blood flow occurs in
the inner organs to minimize internal heat accumulation (Wolfenson et al., 1981). The liver plays
a key role in carbohydrate, protein, and fat metabolism, synthesizes bile needed for fat
emulsification during digestion, synthesizes yolk components, and serves as a site of
detoxification of noxious chemicals (Scanes, 2015). The redistribution of blood flow away from
the inner body core under HS not only reduces internal heat accumulation of the inner organs,
but also could limit the functions of these organs (Nolan et al., 1978; Wolfenson et al., 1981).
The provision of CP increased the conductive heat loss to the perches, which improved the
thermotolerance of the laying hens perhaps leading to improved long-term liver function. Liver
weight reduction has also been linked to BW loss due to induced molt (Brake and Thaxton,
1979; Landers et al., 2008; Bozkurt et al., 2016), presumably due to the reduction of dietary
energy intake and estrogen-dependent egg component synthesis (Berry and Brake, 1985). If
increased absolute liver weight is correlated to its function, then the improved egg laying ability
of the CP hens as compared to AP and CTRL hens after 98 wk of lay (Figure 4.3 of Chapter 4)
could be due to the liver’s sustained ability to synthesize yolk components for egg formation.
Exposing hens simultaneously to a molt and daily cyclic heat from 85 to 88 wk of age
had a long-term detrimental effect on the absolute spleen weight of AP and CTRL hens.
Intervening with CP access tended to prevent the heat- and molt-induced reduction in absolute
spleen weight (P = 0.06, Table 5.5). When expressed on a relative basis to BW, the effect was
not as well defined, because spleen weight of AP hens was intermediate in response and did not
differ from CTRL or CP hens (P = 0.02, Table 5.5). The spleen is responsible for mediating Band T-cell immune responses during antigen challenges. Spleen weight is used as an indicator of
stress in birds, i.e., the larger the spleen, the better the ability of the hen to cope with stress
(Cheng et al., 2004; Sunder et al., 2008). Both HS (Mashaly et al., 2004) and molt (Berry, 2003;
Webster, 2003) are stressful to chickens. Previous studies have shown that prolonged HS
suppresses the host’s immune function and reduces immune organ weights including the spleen
(Bartlett and Smith, 2003; Ghazi et al., 2012). Quinteiro-Filho et al. (2010) found decreased
relative spleen weight in broiler chickens subjected to 36 oC for 7 days. There was no consistent
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trend of spleen weight change in hens undergoing feed withdrawal (Brake et al., 1985) or nonfeed withdrawal (Wills et al., 2008) molt. The higher absolute spleen weights of CP hens in the
current study may have potential benefits for hens to maintain immune competence if challenged
with antigen during and after exposure to the cumulative stressors of heat and molt.
Upregulation of splenetic mRNA expressions of pro-inflammatory cytokines, such as IL1β, and IL-6, occurs in laying hens (Shini et al., 2010; Kang et al., 2011) and broiler chickens
(Jang et al., 2014; Ohtsu et al., 2015) due to stress exposure; however, these results did not occur
in the current study (Table 5.6). Toll like receptors, as an important member of pathogen
recognition receptors, play important roles in both innate and adaptive immunity in response to
inflammation and infection (Medzhitov et al., 1997; Visintin et al., 2000). Heat shock proteins,
including HSP-70, are involved in the activation of TLR-4 and several cytokine expressions
during heat exposure (Asea et al., 2002; Beg, 2002; Vabulas et al., 2002). Elevated HSP-70
mRNA expression occurred in broiler chickens and laying hens subjected to HS (Zhen et al.,
2006; Yu and Bao, 2008; Zhang et al., 2014). Studies have reported that high environment
temperature upregulated the TLR-4 gene expression and related signaling pathways (Zhou et al.,
2005; Ju et al., 2014; Basu et al., 2015). Plasma HSP-70 concentration was reduced in CP hens
at the end of the 1st cyclic heating episode as compared to CRTL but not AP hens (Table 3.2 of
Chapter 3). The possible reason for these unchanged gene expressions found in the current study
may be due to these measurements being made 22 wk after the stressors were terminated, which
could be too late to find differences. Unlike spleen weight (Table 5.5), RNA expression changes
of these genes could be rapid and transient (Mohanarao et al., 2014; Abdelfattah et al., 2015).
After termination of the induced molt and HS, hens may have recovered to the pre-stress level,
because animals have the ability to recover from stressful stimulations during the stress-free
period (Haynes et al., 1991; McEwen, 2004; Radley et al., 2005).
Although hypothalamic neurotransmitter levels were unaffected by treatment, when
catecholamine concentrations were expressed as ratios, the HVA/DA ratio was lower in the
perch treatments as compared to the brain of CTRL hens. Therefore, the lower ratio for
HVA/DA, which is an indicator of DA turnover (Meiser et al., 2013), was due to the perch rather
than the cooling of the perch as the response of CP and AP hens was similar. The same cannot be
said about the other hypothalamic catecholamine ratios, as AP hens were intermediate in
response, not differing from either the CP or CTRL hens (Table 5.7). Elevated DA turnover rates
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(HVA/DA and DOPAC/DA) with reduced DA levels in the brain occurred in mice after repeated
exposure to HS (Kim et al., 2013) suggesting that the lower HVA/DA ratio in hens with AP and
CP as compared to CTRL is an indicator of reduced stress. Chickens become frustrated if they
are denied access to perches (Olsson and Keeling, 2000), which could elicit a stress response.
Research is lacking on the effect of perches on brain monoamines. However, Yan et al. (2013,
2014) reported similar levels of plasma catecholamines, 5-HT, TRP, and EP: NEP ratio in White
Leghorn pullets and hens with access to non-cooling metal perches, similar to the AP of the
current study, as compared to those without perches.
The heat and molting stressors that the hens were subjected to 22 wk earlier did not affect
the concentrations of the hypothalamic monoamines when evaluated in 110 wk-old hens. Similar
to the splenetic mRNA expressions of cytokines, it was perhaps too late to ascertain an effect of
these stressors on laying hens. Stressors usually lead to neuroendocrinological changes in
different brain regions. In particular, the hypothalamus is involved in thermoregulation. The
concentrations and turnover rates of the neurotransmitters of the dopaminergic and serotonergic
systems in the hypothalamus are highly correlated to HS (Korf et al., 1973; Davis et al., 1994;
Harikai et al., 2003). In addition, the dopaminergic system is involved in the neuroendocrine
control of reproduction in hens at the median eminence of the hypothalamus (Contijoch et al.,
1992; Advis and Contijoch, 1993; Rangel and Gutierrez, 2014). If measurements had been made
during the time the hens were molting and exposed to cyclic heat, a stress-induced response may
have been evident in the dopaminergic and serotonergic systems of the hypothalamus. Hens were
not euthanized when stressors were applied from 85 to 88 wk of age because of the higher
priority of gathering data on egg laying performance in the second cycle of lay.

5.6

Conclusions
Access to CP as compared to AP did not affect musculoskeletal health or the

immunological and neurophysiological traits of hens 22 wk after the application of HS and the
completion of the molt. Differences among treatments were mainly due to the perch rather than
the cooling of the perch; the responses of CP and AP hens were similar. Perches, regardless of
whether they were cooled or not, caused greater muscle deposition and wing bone mineralization
as well as lower HVA/DA turnover. Intervening with CP access, however, did prevent the heatand molt-induced reduction in absolute liver and spleen weights as compared to AP hens. If
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increased absolute liver weight is correlated to its function, then the improved egg laying ability
of the CP hens as compared to AP and CTRL hens after 98 wk of lay (Figure 4.3 of Chapter 4)
could be due, at least in part, to the liver’s ability to synthesize yolk components for egg
formation. The higher absolute spleen weights of CP hens may have potential benefits for hens to
maintain immune competence if challenged with antigen during and after exposure to the
cumulative stressors of heat and molt.
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Table 5.1 Taqman primers and probes
Gene1

Primers and Probe (5'-3')2

IL-1β3

(f) TGCTGGTTTCCATCTCGTATGTAC
(r) CCCAGAGCGGCTATTCCA
(p) AGTACAACCCCTGCTGCCCCGC (VIC/MGB)

3

IL-6

TLR-44

HSP-705

(f) CCCGCTTCTGACTGTGTTT
(r) GCCGGTTTTGAAGTTAATCTTTT
(p) TGTGTTTCGGAGTGCTTT (VIC/MGB)
(f) TCTGAGACCCCCAAGTCCAA
(r) CCTTAAGTTTTGCCAGAGGAGGTT
(p) CCCACCACACCCACT (VIC/MGB)
(f) CACCATCACTGGCCTTAACGT
(r) TTATCCAAGCCATAGGCAATAGC
(p) ATGCGTATTATCAATGAGCCCA (VIC/MGB)

1

Gene expression reported in relative abundance to glyceraldehyde 3-phosphate dehydrogenase.

2

f = forward primer; r = reverse primer; p = probe.

3

IL=Interleukin.

4

TLR=Toll-like receptor.

5

HSP=Heat shock protein.
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Table 5.2 The effect of cooled perches (CP) as compared to air perches (AP) and controls (CTRL) with no perches on body weight
(BW) as well as gross and relative muscle weights of caged White Leghorns at 110 wk of age (22 wk after molt).

Item
Treatment
CP
AP
CTRL
SEM
n2
P-value
a,b

BW
(kg)

Breast
(g)

Relative
breast1
(%)

1.76ab
1.71b
1.81a
0.02
95
0.004

189
184
188
3
95
0.34

10.8a
10.8a
10.4b
0.1
95
0.01

Left
thigh
(g)
66.0
62.3
64.8
1.8
95
0.43

Relative
left thigh1
(%)
3.75
3.65
3.59
0.07
95
0.39

Left drum
(g)

Relative
left drum1
(%)

Total Left
thigh + drum
(g)

46.8
45.2
45.9
0.5
95
0.10

2.66a
2.65a
2.55b
0.02
95
0.0001

112.9
107.5
110.7
1.7
95
0.10

Relative Left
thigh + drum1
(%)
6.41a
6.32a
6.14b
0.05
95
0.003

Least squares means (adjusted for BW) within a column for the 3 treatments lacking a common superscript differ (P < 0.05).

1

Weights of breast, left thigh, left drum, and total left thigh + drum expressed relative to BW (g of muscle/g of BW × 100).

2

Average number of observations per least squares means.
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Table 5.3 The effect of cooled perches (CP) as compared to air perches (AP) and controls (CTRL) with no perches on bone mineral
density (BMD) and bone mineral content (BMC) of caged White Leghorns at 110 wk of age (22 wk after molt).
Item
BMD (g/cm2)
CP
AP
CTRL
SEM
n1
P-value
BMC (g)
CP
AP
CTRL
1
n
SEM
P-value
a,b
1

Left wing bones
Humerus
Ulna
Radius

Left leg bones
Femur
Tibia

Phalange

Keel

0.133a
0.132a
0.123b
0.003
95
0.02

0.120
0.122
0.113
0.003
95
0.09

0.090
0.090
0.085
0.002
95
0.06

0.099a
0.101a
0.091b
0.002
95
0.001

0.115
0.115
0.113
0.002
95
0.71

0.198
0.195
0.207
0.007
95
0.46

0.182
0.177
0.187
0.005
95
0.29

1.362
1.373
1.378
95
0.131
0.99

0.825
0.846
0.876
95
0.083
0.91

0.394
0.392
0.450
95
0.058
0.73

0.581
0.610
0.582
95
0.065
0.94

1.841
1.925
1.993
95
0.208
0.87

2.041
2.007
2.304
95
0.135
0.24

2.751
2.689
3.099
95
0.191
0.26

Least squares means (adjusted for BW) within a column for the 3 treatments lacking a common superscript differ (P < 0.05).

Average number of observations per least squares.
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Table 5.4 The effect of cooled perches (CP) as compared to air perches (AP) and controls
(CTRL) with no perches on keel bone fracture and deviation of caged White Leghorns at 110 wk
of age (22 wk after molt).
Item
Treatment
CTRL
CP
AP
2
n
SEM
P-value
1

%
Fractured
85
89
88
95
6.5
0.89

Keel
Score1
2.93
2.85
2.70
95
0.14
0.53

Score for keel ranged from 1 to 4. A score of 1 represented severe keel bone deviations, and a

score of 4 represented normal keels.
2

Average number of observations per least squares means.
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Table 5.5 The effect of cooled perches (CP) as compared to air perches (AP) and controls
(CTRL) with no perches on gross and relative organ weights of caged White Leghorns at 110 wk
of age (22 wk after molt).

Item
Treatment
CP
AP
CTRL
SEM
n2
P-value
a,b

Liver
(g)

Relative
liver1
(g/kg)

Spleen
(g)

Relative
spleen1
(g/kg)

40.6a
37.1b
38.8ab
0.9
24
0.03

21.2
20.6
20.0
1.8
24
0.89

1.21
1.04
1.03
0.06
24
0.06

0.68a
0.61ab
0.57b
0.03
24
0.02

Least squares means within a column for the 3 treatments lacking a common superscript differ

(P < 0.05).
1

Weights of organs expressed relative to BW (g of organ/kg of BW).

2

Average number of observations per least square mean.
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Table 5.6 The effect of cooled perches (CP) as compared to air perches (AP) and controls
(CTRL) with no perches on splenetic interleukin (IL)-1β, IL-6, toll like receptor (TLR)-4, and
hepatic heat shock protein (HSP)-70 m-RNA expressions of caged White Leghorns at 110 wk of
age (22 wk after molt).
Item
Treatment
CP
AP
CTRL
SEM
n2
P-value
1

IL-1β1

IL-61

TLR-41

HSP-701

1.11
0.97
0.78
0.17
24
0.43

1.91
1.48
1.04
0.31
24
0.16

0.36
0.30
0.24
0.06
24
0.34

0.12
0.11
0.11
0.02
24
0.88

Data were calculated by the equation: tested mRNA quantity value (mean of replicated target

mRNA value/GAPDH quantity mean of replicate endogenous control value). GAPDH =
glyceraldehyde 3-phosphate dehydrogenase.
2

Average number of observations per least square mean.
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Table 5.7 The effect of cooled perches (CP) as compared to air perches (AP) and controls (CTRL) with no perches on hypothalamic
monoamines of caged White Leghorns at 110 wk of age (22 wk after molt).
Monamines
CP
1
Catecholamine system
DA (ng/g)
145.46
NEP (ng/g)
752.71
EP (ng/g)
139.76
DOPAC (ng/g)
10.58
HVA (ng/g)
14.54
DOPAC/DA
0.07b
HVA/DA
0.11b
HVA+DOPAC/DA
0.17b
Serotonergic system2
TRP (ng/g)
1350.14
5-HT (ng/g)
330.14
5-HIAA (ng/g)
108.65
5-HIAA/5-HT
0.33
a,b

AP

CTRL

SEM

n3

P-value

139.35
791.32
202.17
13.62
14.12
0.08ab
0.11b
0.19ab

159.20
827.22
173.25
13.96
16.57
0.11a
0.15a
0.23a

13.10
50.21
22.82
1.43
1.59
0.01
0.01
0.02

24
24
24
24
24
24
24
24

0.57
0.59
0.15
0.19
0.52
0.007
0.02
0.01

56.89
18.42
5.83
0.01

24
24
24
24

0.11
0.58
0.55
0.94

1319.32
347.27
111.20
0.33

1481.00
357.35
113.57
0.34

Least squares means within a row for the 3 treatments lacking a common superscript differ (P < 0.05).

1

DA=dopamine, NEP=norepinephrine, EP=epinephrine, DOPAC=3,4-dihydroxyphenylacetic acid, HVA=homovanillic acid.

2

TRP=tryptophan, 5-HT=serotonin, 5-HIAA=5-hydroxyindoleacetic acid.

3

Average number of observations per least square mean.
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Figure 5.1 Study design timeline of 2 cyclic heating episodes from 21 to 35 and 73 to 80 wk of
age and induced molt under cyclic heat from 85 to 88 wk of age.
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